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The goals o f this study were as follow s
(I) to synthesise a range o f (ti^-arene)Cr(CO)3 com plexes
(II) to characterise the primary and secondary photoproducts o f these system s in 
alkane solution at ambient temperature and obtain kinetic data for their reactions with 
CO and other potential ligands
(III) to measure the effect o f the substituent on the reactivity o f the photoproducts
( i v )  to relate the experimental findings to the photochemistry o f "half-sandwich" 
compounds and the isoelectronic (r|5 -C5R5)M n(CO)3 system  (R = H, M e, or Et)
(v) to study the photochemistry o f M n(CO)4*T|3-C3H4-C6H5 in alkane solution at 
ambient temperature, characterise the photoproducts and obtain kinetic data for the 
reaction o f  these species with CO and other potential ligands
(vi) to study the photochemistry o f the heterobimetallic dinuclear com plex M n(CO)4- 
Ti3-C3H4-T]^-C6H5 -Cr(CO)3 and relate it to the photochemistry o f the uncom plexed  
M n(CO)4*r|3 -C3H4-C6H5 and (r|6-benzene)Cr(CO)3 compounds
(vn) to study the effect o f complexation upon the U V /vis absorption spectra o f  the
individual com ponent com plexes comprising this dinuclear species
(vm ) to study the photochemistry o f (nS-C gF ^V C C O ^ in cyclohexane solution at
room temperature utilising different laser excitation wavelengths m order to 
investigate the reported wavelength dependancy
( i x )  to investigate the reported experimental irreproducibility on photochemistry o f  
(T|5 -C5H5)V (C O )4 m alkane solution
Aims and Objectives
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A bstract
(ri6-benzene)Cr(CO)2 (S) was unequivocally identified as an intermediate in the flash 
photolysis o f  (Ti^-benzene)Cr(CO)3 in alkane solution by a combination o f  UV /vis 
and TRIR studies A range o f substituted (r|6-arene)Cr(CO)3 com plexes was 
synthesised, where arene = toluene, p-xylene, 1,3,5-m esitylene or C^Meg, and the
effect o f increased methylation of the arene nng upon the reactivity o f the (r|6- 
arene)Cr(CO)2 (S) intermediate was investigated The rate o f reaction o f this species
with CO increased upon methyl substitution o f the arene and upon changing the 
solvent from cyclohexane to alkane The enthalpies o f  activation for this reaction 
were constant at 25 ± 2 kJ m ol‘ 1 while the entropy o f activation increased with 
increased methyl substitution The rate o f reaction o f this species with parent to 
produce the dinuclear com plex (r|6-arene)Cr(CO)2 (H.CO)Cr(CO)2(T|6-arene) was
noted in the benzene case Com plexes attributed to the binding o f solvent impurities
were ascribed to some o f the primary and secondary photochemistry observed.
The heterobimetallic dinuclear com plex Mn(CO)4-r]3-C 3H4-T|6-CgH5 -Cr(CO)3 and
its substituent Mn(CO)4*T|3-C3H4-C6H5 were investigated by laser flash photolysis.
The formation o f an acyclic pentadienyl com plex is proposed in both cases, by means 
of a facile r|3 to hapticity change o f the allyl group In the dinuclear com plex this
reaction occurs independently o f both parent and CO concentration
The laser flash photolysis o f (t|5-C5H5)V(CO )4 was studied at excitation
wavelengths o f 266nm  and 355nm The experimental results were extremely 
irreproducible The observation o f both (r|5-C5H5)V (C O )3 (S) and
C5H5)V (C O )5 was suggested The observation o f a long-lived product in solution
Xlll
was attributed to the formation o f (r|5-C5H5)2V 2 (CO)5 The results did not permit 
the proposal o f a reaction scheme
/
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C hapter 1
Introduction
l
1.1 intrQflHctiQa
The past 20 years have seen the emergence o f a variety o f  novel, useful and 
important hom ogeneous catalyst system s, and this rapid enrichment seem s to be only  
the beginning o f  further growth o f this f ie ld [l]  The developm ent o f  coordination 
chemistry has greatly aided the understanding o f  these metal based catalysts and has 
intensified the search for catalytically active metal system s em ploying novel and 
unique ligands The use o f heterogeneous catalysts in industry far outweighs the use 
o f  hom ogeneous catalysts because they are more easily rem oved from the reaction 
medium. H owever, hom ogeneous catalysts have emerged as the method o f  choice in 
many cases, operating under milder conditions and providing a greater degree o f  
selectivity for many synthetic applications Certain chem icals are almost exclusively  
produced using hom ogeneous catalysts One such process is the W acker process for 
the production o f ethanal by the palladium catalysed oxidation o f ethene. 
H om ogeneous catalysts are used to effect highly specific organic transformations; 
industrially, this selectivity is exploited in the production o f  polymers and 
pharmaceuticals One such example is in the synthesis o f L-DO PA, used in the 
treatment o f Parkinson's disease, where the asymmetric hydrogenation o f  
acetamidocinnamic acid is effectively accomplished using a soluble rhodium (l) 
com plex bearing optically active tertiary phosphme ligands [2] Clearly, hom ogeneous 
and heterogeneous systems are closely related in that they both involve reactions 
occurring at metal centres, and frequently insight obtained from studying 
hom ogeneous catalysis has aided in explaining results obtained with heterogeneous 
systems
The photochemistry o f metal carbonyl com plexes has becom e o f  increasing
importance in recent times The potential uses o f these compounds in synthetic and
catalytic applications has been known for many years Although m ost industrial
catalytic processes occur thermally, it has been shown that the intermediates in a
particular organometallic reaction are often identical whether generated
photochem ically or thermally[3] The use o f photochemical methods to study these
catalytic processes can therefore provide valuable information about the nature o f
these reactions Certain carbonyl com plexes are used industrially as hom ogeneous
catalysts, an example being the 'oxo' process for the hydroformylation o f  ethene, in 
the presence o f synthesis gas (a CO/H2 mixture), by the com plex Co2 (CO )g[4].
M oreover, photosubstitution reactions have provided a valuable synthetic route to
substituted derivatives o f thermally inert com plexes This is particularly true for metal
carbonyl compounds [5] The photosubstituted products can be generated at low
enough temperatures to be isolable, whereas attempts to generate them at elevated
temperatures could result in further decomposition o f the products. One exam ple is 
the photosubstitution o f Fe(CO)5 by pyridine to yield Fe(CO)4(pyndine) at 298K [6]
whereas thermal reaction at higher temperatures yields disproportionation o f  the 
Fe(CO)5 com plex[7] The stereochemistry o f photosubstitution is also potentially
different from the thermal reactivity and does not merely represent an acceleration o f
thermal reactions Hence, reactions can be promoted photochemically which are not 
accessible by thermal means, a typical example is the loss o f SOg^- from trans-
Co(CN )4(S0 3 )(OH2)3‘ which is a reaction which does not occur thermally[8] In a
similar way C2H4 in PtCl3 (C2H4)' is substantially inert thermally, but can be
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substituted photochem ically[9]. Such great diversity in the behaviour o f transition
metal coordination compounds suggests a continuing and expanding interest in these
system s from both applied and fundamental viewpoints.
Although exact mechanisms o f many reactions involving metal carbonyl
com plexes are still unknown, the initial steps would seem  to be the generation o f a
vacant site at the metal centre, which can then initiate further reactions. A site of
coordinative unsaturation is perhaps the single most important property o f a
hom ogeneous catalyst [10]. W hile thermal displacement o f the carbonyl ligand is
often difficult, photochemical decarbonylation can proceed with quantum yields
approaching 1[11], In general the primary photoinduced reaction of metal carbonyls
involves the monodecarbonylation process, as shown in reaction 1 . 1 . 1 . 
hv
M (CO)x  > M (CO)x_i + CO (1.1.1)
Important features o f this reaction are its high quantum efficiency and the reactive
nature o f the decarbonylated product. Both these features are readily explained by
exam ining the molecular orbital diagram of the bonding between the CO ligand and
the metal. Figure 1.1.1 exhibits the molecular orbital diagram for the group 6
hexacarbonyls[12]. The highest occupied molecular orbitals are the metal based 
orbitals o f t2g symmetry, which are involved in 7t-bonding between the metal and the
carbonyl ligand; while the lowest unoccupied orbitals are the orbitals o f eg symmetry,
which are strongly antibonding with respect to the G-interaction o f the carbonyls. On
photochemical excitation the relative population of these orbitals is altered as an 
electron is promoted from the t2g orbital sub-set to the a*-orbital. This transition
4
involves the removal o f electron density from orbitals contributing to the back- 
bonding interaction and the population o f an orbital that is strongly antibonding with 
respect to the carbonyl G-interaction. The result is a greatly weakened metal-ligand 
bond in the excited state which ultimately leads to the labilisation o f the carbonyl 
ligand.
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The photochemical generation of vacant coordination sites on metal carbonyl 
com plexes and the investigation o f the subsequent reactions at these sites is the basis 
o f this work.
A knowledge o f the reactivity o f coordinatively unsaturated com plexes is o f  
primary importance in understanding the mechanisms o f many catalytic systems. 
Initial studies into these reactions were based on the analysis o f isolated products. 
These were unsuccessful as it became clear that the com plexes isolated were the end- 
products o f a series o f chemical reactions. In many cases the photochemical products 
are suggestive o f at least some o f the features o f the photochemical mechanism. 
H owever, because o f the long time span between the initiation o f a photochemical 
event and the appearance o f a photoproduct, there is no guarantee that the nature o f  
the final products provides a valid picture o f the total sequence o f events which 
constitute the photochemical mechanism. The coordinatively unsaturated 
intermediates formed during reactions involving organometallic compounds often 
have lifetim es in the picosecond to m illisecond range. M ost o f the conventional 
techniques for the elucidation o f molecular structure are inapplicable to the 
characterisation o f these intermediates. These problems associated with time scale can 
be addressed by using transient spectroscopic techniques; which include laser flash 
photolysis with U V /vis monitoring, and, more recently, tim e-resolved infrared 
(TRIR) spectroscopy. Alternatively, cryoscopic techniques may be employed; these 
include low  temperature matrix isolation studies and studies in liquified noble gases. 
A brief outline o f each technique is now presented, particular attention being paid to 
their uses in the photochemical study o f metal carbonyl species.
6
Matrix isolation is a technique which utilises noble gases, solid at liquid 
helium temperatures, as media for stabilising reactive chemical species for the 
purpose of spectroscopic study. The modem practice of matrix isolation, involving 
the use of monatomic rare gases (e.g. Ar, Kr, Xe) as matrix materials in the 
temperature range 4-20K, was pioneered by Pimentel et al.[13] in the early 1950's. 
These materials offer the advantages of transparency over a range from the far 
infrared to the vacuum ultraviolet, of chemical inertness, and of rigidity at suitably 
low temperatures. Typically, the experimental technique involves condensation of 
gaseous atomic or molecular species together with a large excess of an inert gas 
matrix on a suitable substrate at cryogenic temperatures. The photoproducts generated 
within the matrix, by UV irradiation of stable precursor molecules, may then be 
studied by a variety of spectroscopic methods; including IR, UV/vis, vacuum UV 
(VUV), Raman, Mossbauer, UV/vis emission, laser-induced fluorescence, ESR 
spectroscopy and magnetic circular dichroism. One of the great strengths of matrix 
isolation is the wide range of spectroscopic techniques that can be applied to to the 
characterisation of photofragments.
An attractive feature of this method is that normally unstable or highly 
reactive species may be isolated for long periods of time, allowing leisurely 
spectroscopic examination. Thermal excitation of low-lying excited electronic states 
is usually quenched at cryogenic temperatures, thereby simplifying the absorption 
spectra by effectively trapping the reactive intermediates, even if they have a low 
barrier to further reaction. If energy is then supplied to the trapped intermediate,
1.1.1 M atrix Isolation
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either by warming the matrix (annealing) or by irradiation, the energy barrier can be 
surmounted and the reaction can go to completion. The randomly orientated, rigidly 
held fragments also permit the exploitation o f photoselection techniques and 
polarisation spectroscopy, which are valuable for identification purposes. Isotopic 
enrichment is now being widely applied to metal carbonyl fragments in matrices; 
partial 13CD enrichment combined with IR spectroscopy has been extrem ely  
successful in determining the structures o f fragments.
Perutz and Tumer[14] have shown that visible absorption spectra generated on 
photolysis o f group 6 metal hexacarbonyls in rigid matrices are sensitive to the nature 
o f  the matrix medium. M ixed matrix experiments and comparison with spectra o f  
stable species revealed that the shifts in spectra are due to spectroscopic interactions 
between the M (CO)5 photofragment and the matrix species occupying the sixth
coordination site. The shifts in visible bands were interpreted in terms o f a weak 
metal-matrix bond and the small change in the axial-radial bond angle determined by 
the matrix species in the sixth coordination site. This study also provided evidence for 
the existence o f Cr(CO)5 (Ar), where an inert noble gas is coordinated by the
unsaturated photofragment - demonstrating the extreme reactivity o f these
coordinatively unsaturated intermediates. Subsequent studies have provided evidence  
for the formation o f Cr(CO)5(N2)[15] and M n(CO)5(Kr)[16], how ever in the
majority o f cases no interaction is observed between the reactive intermediates and 
the matrix.
The major limitation of the matrix isolation technique lies in the requirement 
that the species itself or a suitable photolytic precursor be produced initially in the
8
gaseous state[17]. It cannot easily be used for charged species and kinetic studies are 
difficult because o f the restricted temperature range and lim ited diffusion o f the 
reactive species The sort o f reactions that may occur in these low  temperature 
matrices are substantially limited by the restrictions o f  the so-called 'cage effect'; it is 
generally difficult to produce main group species by an in situ  photolysis in inert 
matrices at 20K  by photoejection o f a second row or larger atom because the atom is 
too large to diffuse through the lattice interstices and away from the new ly formed 
unstable species Thus the two fragments held together inside the m atnx cage 
recom bine to reform the parent m olecule In m atnx experiments finer details o f  
spectroscopic structure can be lost due to inhom ogeneous broadening and 
perturbations induced by the matnx host. Splitting o f  spectral lines can anse from a 
m ynad o f solid state and electronic effects, the most com m only encountered being
m ultiple trapping sites, low  site sym m etnes, metal isotopes in natural abundance and 
extraneous im punty centres In CH4 m atnces, absorptions o f the uncoordinated CH4 
dominate the infrared spectrum and obscure bands due to the bonding o f the M -CH4 
m atnx species, as in the case o f  Fe(CO )4(CH 4)[18]
1.1.2 Supercritical F lu id T echniques
One o f the obstacles to com panson o f m atnx and solution studies has been the
com plete lack o f inert and transparent cryogenic solvents[19]. B y using quite modest 
pressures (<15 atm.) and a range o f mixtures o f N£, Ar, Kr, and X e, a full liquid
range from 77 to 230K  can be obtained The range can be extended to 289K  if a 
pressure o f 58 atm can be tolerated A particular advantage o f  these liquified gases as 
solvents is their total lack o f IR bands, which, when combined with Founer transform
9
infrared (FTIR) allows weak absorptions due to coordinated ligands to be detected.
Using a high-pressure IR cell Turner et al have obtained solution spectra o f the metal
carbonyl dinitrogen species previously observed in matrices[20-22] These workers 
have also observed Cr(CO)5 (H2) in liquid xenon, the H-H stretching vibration o f
coordinated dihydrogen is too weak to be observed in m atnces[23] Since these 
solvents have no absorptions long path lengths and low  concentrations can be 
em ployed This steady-state method should be appropriate to many o f the more stable 
species observed in matrices, which are nevertheless too reactive to be observed by 
more conventional means Liquified noble gases also offer a great advantage over 
matrix isolation techniques in that they allow  kinetic studies and the determination o f  
the activation parameters for the reaction o f metal carbonyl fragments
1.1.3 L aser Flash Photolysis
Flash photolysis was pioneered by N om sh and Porter[24] for which they 
recieved the Nobel prize Advances in instrumentation over the years mean that 
transient intermediates can now be detected on a fem tosecond timescale, 
corresponding to the fastest chemical processes possible Laser flash photolysis has 
been used extensively to provide information about primary photochemical processes 
occunng m metal carbonyl chemistry [25-29]
The principle o f flash photolysis involves the generation o f a high 
concentration o f a short-lived intermediate by excitation o f the sample with a high 
intensity pulse o f very short duration The sample is analysed at a short time interval 
after the pulse by examining the intermediate's absorption or em ission characteristics 
In practice there are two variants o f the flash photolysis technique, the spectrographic
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and the kinetic methods, with the latter being the m ost com m only used. In the 
spectrographic method the complete absorption spectrum o f  the transient is recorded 
with a spectrograph or a photographic plate at a fixed time after the flash The decay  
o f  the excited m olecule can then be observed by recording spectra at different time 
intervals after excitation The kinetic method measures primarily the decay o f  the 
excited state absorption as a function o f time at a particular wavelength using a 
photomultiplier coupled to an oscilloscope with a time-based sweep The signal 
obtained may be analysed to obtain the lifetim e o f photofragments If the 
measurement is repeated at different m onitonng wavelengths a U V /vis spectrum of 
the transient can be constructed 'point by point' by plotting the absorbance at any 
fixed time after excitation at different wavelengths In general a 'difference spectrum' 
is obtained, in which only changes in absorption are displayed, thus, bands due to 
parent compounds destroyed by the flash appear as negative absorptions while bands 
due to photoproducts appear as positive absorptions. Intermediates can be identified 
by a combination o f  their reaction kinetics and by comparison with U V /vis data from  
m atnx isolation experiments
The polychromatic nature o f the radiation from conventional discharge tubes 
creates the possibility o f generating more than one exciting or absorbing species in 
solution This problem is m inimised by using the monochromatic radiation o f lasers. 
However, the m ost important advantage in using lasers lies m the reproducibility with 
which a pulse o f  very short duration can be produced by means o f Q-switchmg; 
greatly enhancing the resolution of the experiment in the time-domain. The excitation 
wavelength is not limited to the fundamental output wavelength o f the laser, as
11
frequency doubling, tripling and quadrupling can be used to increase the range o f  
wavelengths available.
Generally, the fragments produced from 18-electron metal carbonyl species 
are quite easy to detect by flash photolysis techniques as their U V /vis spectra often 
vary greatly from that o f  the parent compound Transition metal carbonyls have 
reasonably intense U V /vis absorptions and quantum yields for their formation are 
high Reaction rates are fast, and therefore good time resolution is required M ost 
solvents have no absorptions in the visible region, and reactions (e.g  bimolecular 
radical recombination) can often be slowed down by dilution and a corresponding 
path length increase without adversely affecting the signal-to-noise ratio o f the 
spectrum or the intensity o f the transient absorption Although U V /vis spectroscopy is 
now  routinely used for detecting intermediates generated by flash photolysis and has 
been found effective in establishing the broad outlines o f  the photochemistry o f  many 
metal carbonyl compounds, it also has severe limitations These limitations anse from  
the general broadness and lack o f resolvable fine structure in the electronic 
absoiptions Thus, flash photolysis has produced evidence for the existence o f  
intermediates but rarely provides much structural information about transient metal 
fragments. This has proved to be a severe restnction on the technique and most 
studies have been limited to relatively simple systems where the number o f possible 
intermediates was small.
1 .1 .4  T im e R esolved Infrared (T R IR) Spectroscopy
Pimentel was the first to develop a viable technique for the measurement o f  
infrared spectra o f transient species[30] In the last ten years or so there have been
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major advances in fast IR spectroscopy It is now possible to detect metal carbonyl 
intermediates at room temperature in both solution and gas phase reactions. 
Vibrational spectra have more accessible structural information than similar spectra in 
the U V  or visible regions because o f the finite spectral shifts associated with even  
minor structural changes in m olecules The infrared spectrum o f a metal carbonyl 
provides important information on the nature o f the carbonyl groups present as the 
number and intensity o f infrared bands is dependant on the molecular symmetry For
exam ple, a single carbonyl absorption is observed in the infrared spectrum o f a 
M (CO)6 com plex, attributed to the T j u band o f Oj-, symmetry, whereas three v co are 
expected for a M (CO)5 com plex o f C4V symmetry, attributed to the A j , E, and
bands In the case o f som e metal carbonyl species TRIR can even provide accurate 
estimates o f bond angles involving v co In principle, U V  flash photolysis, usually by
laser, is combined with IR monitoring at a single IR wavelength B y repeating the 
measurement at a series o f different IR wavelengths data are accumulated across the 
spectral region o f interest These data can then be used to construct 'point-by point' 
spectra corresponding to any particular time delay after the flash, 1 e a tim e-resolved  
IR (TRIR) spectrum. As with flash photolysis U V /vis spectra, this TRIR spectrum is a 
difference spectrum
Already a considerable number of transient organometallic species have been 
characterised by IR kinetic spectroscopy [27,31-34] It is now possible to obtain IR 
spectra and reaction kinetics o f metal carbonyl intermediates in solution on a ljxs 
tim escale TRIR spectroscopy is a valuable addition to the techniques available for 
studying the kinetics and mechanisms o f reactions in solution As solvent absorption
n
is a serious problem for IR measurements, even for the v co region o f  the spectrum,
typically IR solution cells are limited to <5mm pathlength for m ost applications. 
These shorter pathlengths make it more difficult to build tim e-resolved IR apparatus 
which are optically as efficient as the equivalent U V /vis equipment This restricts the 
technique to the detection o f metal carbonyl fragments by virtue o f  the intensity o f  
their infrared carbonyl absorptions In addition, faster transient absorptions can be 
detected in U V /vis measurements due to the faster nsetim es o f  the detectors used.
1.2 S tudies on (n 6-arene)C r(C O )3 System s
Com plexes o f ( r | 6 - a r e n e ) c h r o m i u m  tncarbonyl have been known as selective  
hydrogenation catalysts m solution since 1968[35] Experimental studies have 
revealed a dramatic difference in the stereochemistry o f  photosubstitution and thermal 
reactivity o f  these com plexes, providing an apparent exam ple o f  a system with a large 
difference in excited state and ground state reactivity. In general, photosubstitution 
leads to dissociative loss o f  a carbonyl m oiety, while thermally the arene group is 
labilised. Recent papers on the mechanism o f arene exchange processes have renewed 
interest in the study o f this class o f com plexes, particularly on account o f the 
importance that formation and displacement o f transition-metal 7t-bonds display in 
catalysis. For clarity, the experimental findings are subdivided into thermal and 
photochemical studies respectively  
U U L T h erm al Studies on (n 6-arene)C r(C O )3 C om plexes
Strohmeier et al earned out a senes o f high temperature (413-453K ) 
exchange reactions between 1 ‘^ C-la.bellgd benzene and rj^-benzenetncarbonyl metal
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com plexes o f  Cr, Mo and W [36] Kinetic data was presented for arene exchange
between the free arene and the arene metal com plex in a non-coordinating solvent.
The denved rate expression for these reactions was o f  the form;
Rate =k2 [ArCr(CO)3]2 +  k2 '[ArCr(CO)3][Ar*] (1 2  1.1)
where the rate o f exchange is second order in ArM (CO)3 and about one-third order in
l^C-labelled arene The mechanistic conclusion drawn from these kinetic studies was 
that two different mechanisms were operative, Schem es 1.2.1.1 and 1 2  1 2 . Both 
proposed mechanisms have been criticised on general mechanistic and energetic 
grounds by subsequent workers m this area[37]
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Catalysis o f arene exchange by donor solvents was demonstrated in the T|^- 
benzenetncarbonyl chromium system by Mahaffy and Pauson[38] The stabilities o f  
t |6-arene tncarbonyl chromium com plexes were found to decrease in the order 
M egCg > m esitylene> xylene > toluene/benzene > chlorobenzene »  naphthalene.
These results agree with m icrocalonm etnc studies which indicated the total arene- 
metal bond strengths to be 174 ± 13 and 178 ± 13 kJ m o l'l for toluene and benzene 
respectively[39] They suggested the alternative mechanism o f reaction 1 2 .1 .2  where 
either intermediate could lead to exchange The uncatalysed reaction for which 
Strohmeier proposed Schem es 1 2  11  and 1 2  1 2  was not studied
2ArCr(CO)3  > ArCr(CO)2 +  Ol4-Ar)Cr(CO)4 (1.2.1 2)
Zimmerman et al [40] determined the rates o f exchange o f arene ligands with 
hexamethylbenzene in cyclohexanone solution at several temperatures in the range 
353-413K  according to the follow ing reaction,
ArCr(CO)3 + C^Meg -> CgMegCr(CO)3 + Ar (12 13)
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In all cases the reactions were first order in the com plex and independent o f  the 
concentration o f hexamethylbenzene The data were consistent with a simple 
reversible dissociation process giving the free arene and a tncarbonylchromium  
fragment, presumably solvent stabilised, which can then react with 
hexam ethylbenzene to give the final product.
S
ArHCr(CO)3 .. ArH + Cr(CO)3Sx (1.2.1.4)
Cr(CO)3Sx + C6M e6  > C6M e6Cr(CO)3 + S (1.2.1 5)
(where S = solvent)
Recent investigations into the mechanism o f thermally induced arene 
exchange were performed by Traylor et a l [41] in order to confirm  and expand upon 
earlier work by Strohmeier et al [36] The reactions o f  Ar'Cr(CO)3 (Ar'=benzene or
substituted benzene) with various substituted arene ligands were performed at high 
temperatures (443K ) in vacuum sealed NM R tubes, the disappearance o f com plex as 
w ell as the appearance o f product were follow ed by NM R The senes of 
experiments indicated that the single elementary step o f the proposed mechanism for 
arene exchange, with any of the ligands investigated, was a reduction in coordination 
o f  the arene ligand (T|6 to r|4) resulting in a simple stepwise displacem ent o f the arene 
(Schem e 1.2 1 3, L is a catalytic ligand which can be any two-electron Lew is base 
including ketones, m tnles, carbonyl groups or even another arene)
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The arene-exchange reaction in naphthalene and pyrene-Cr(CO)3 was studied 
by H owell et al [42] in hydrocarbon solvents A  two-term rate law was established of  
the form
where S is the (arene)Cr(CO)3 substrate and toluene was used as the external (arene')
ligand. Activation parameters were determined for both reactions It was suggested  
that the arene-mdependent path in the above rate law proceeds via an (rjy- 
arene)Cr(CO)3 intermediate and the arene-dependant path through an (T]x - 
arene)Cr(CO)3 intermediate with y<x M olecular orbital calculations at the extended
Huckel level were used to construct full potential energy surfaces for nng-slippage in 
benzene, naphthalene, and (pyrene)Cr(CO)3 . An to rj4 path was found to be most
-d[S]/dt =  ka[S] +  kb[S] [arene'] (1.2 1.6)
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favorable for the naphthalene system, whereas an r(6 to T]1 path required the least 
energy for pyrene. In (benzene)Cr(CO)3 both paths were found to be comparable in
energy The calculations correctly predict arene lability to be in the order 
b en zen e« n a p h th a len e« p y ren e  N o evidence for a discrete T|4 intermediate was 
found for the arene-independent route
1.2.2 P hotochem istry  o f  (n6-arene)C r(C O )3 System s
The earliest observations o f the photoreactions o f (r|6-arene)Cr(CO)3 
com plexes were made by Strohmeier and Von Hobe[43] who proposed the follow ing  
reactions,
hv
ArCr(CO)3 +  14C O  > ArCr(CO)2( 14CO) + (CO)so lv . (1 .2 .2 .1)
hv
ArCr(CO)3 +  A r *  > Ar*Cr(CO)3 + Ar (1.2.2.2)
It w as found that, upon irradiation with A,=254nm irradiation ArCr(CO)3 w ill undergo
carbon m onoxide or benzene exchange processes (reactions 1.2 2.1 and 1 .2 .2 .2).
These conclusions were based on expenm ents in which the com plexes were irradiated
in the presence o f  either 4^CO or l 4C-labelled arene, m both cases incorporation of
the labelled species was noted.
Yavorskn et al [44] and Trembovler et al [45] described electronic absorption 
spectral changes which occur dunng irradiation o f (T|6-arene)Cr(CO)3 in cyclohexane
solution These compounds were shown to interact with visible light and the observed 
photodecay was described by first order kinetics It was concluded that the spectral
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data are compatible with the formation o f arene and chromium hexacarbonyl during 
the reaction Further, Trembovler et al [45] determined the quantum yield o f  
photodecom position as a function of light intensity and proposed the simultaneous 
occurance o f three decay processes with different dependancies on light intensity. No  
conclusions about the detailed photolytic reactions were drawn, however.
Nasielski and D enisoff[46] performed a quantitative study o f the 
photosubstitution of CO in (T|6-mesitylene)Cr(CO)3 by N-dodecylm aleim ide In
cyclohexane solution the study was hampered by the photo-instability o f  the reactants
and products, whereas in benzene solution the reaction was clean and the quantum
yield was calculated as 0 90+/-0 09 at 313nm  N o detectable level o f m esitylene-
benzene exchange was observed
W nghton and Haverty[47] examined the photosubstitution o f  ArCr(CO)3
according to equation 1 2 2.3, in which Ar=benzene or m esitylene, and X=pyndine. 
hv
ArCr(CO)3 + X  > ArCr(CO)2X + CO (1.2.2 3)
The chemistry observed was consistent with dissociative loss o f  CO as the primary 
excited state process The quantum yield for formation o f  ArCr(CO)2(pyndine) was
found to be 0 72+/-0 07, independent o f wavelength (313, 366, 436nm ), solvent, 
arene and light intensity Arene exchange was found to be insignificant under the 
conditions used
Gilbert et al [48] studied photoinduced CO exchange o f  ArCr(CO)3 (Ar= rj6- 
benzene) and obtained a quantum yield in accordance with that reported by W nghton
2 0
and Haverty (0 72), the efficiency o f arene exchange was given as approximately one- 
sixth o f  this value. It was evident that arene exchange was strongly suppressed by the 
presence in solution o f free carbon m onoxide, whereas carbon m onoxide exchange 
was relatively unaffected by the presence o f free benzene It was concluded that 
photochemical arene and carbon m onoxide exchange proceed via a common  
intermediate which was suggested to be the ArCr(CO)2 U V /vis monitored flash 
photolysis o f ArCr(CO)3 in cyclohexane solution revealed the formation o f a weakly
absorbing transient species which reacted further (within 1ms) to form a second  
transient species which absorbed throughout the visible spectrum (A.max 500nm ).
Both species were strongly quenched if the solution was saturated under one 
atmosphere o f CO It was considered that the first species observed was ArCr(CO)2
and that exchange with benzene involves this intermediate and does not occur through 
a one-step dissociation o f the excited m olecule to give Cr(CO)3 and benzene.
Bamford et al [49] examined the course and kinetics o f the photolyses o f  
ArCr(CO)3 (Ar = r^-benzene ar*d T|6-toluene) in hydrocarbon and monomer
solutions, together with a study o f the kinetics o f polymerisation photoinitiated by 
( r | 6 - b e n z e n e ) C r ( C O ) 3  Scission o f carbon m onoxide was found to be the main route
o f photodecomposition, as proposed by previous workers [44, 45, 47]. The resulting 
ArCr(CO)2 fragment decom posed to yield arene The course o f  the reaction appeared
to be greatly m odified when earned out in methyl methacrylate solution
The photochemistry o f (r|6-benzene)Cr(CO)3 m inert (argon or CH4) and
reactive (N 2) m atnces at 12K was investigated by Rest et al [50] Photolysis o f
ArCr(CO)3 in argon and methane matnces gave n se  to bands in the infrared spectrum
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attributed to photochemically generated 'free' carbon m onoxide and the unsaturated 
ArCr(CO)2 (matnx species) On photolysis o f the tncarbonyl compound in a
m atnx, bands assignable to ArCr(CO)2 (N2) could be identified. However, unlike the
analogous compound ("n4-C4H4)Fe(CO)2 (N 2), which underwent rapid
photoconversion to (T|4-C4H4)Fe(CO)3 on irradiation at lower wavelengths, the
dinitrogen com plex ArCr(CO)2 (N2) did not undergo photoreversal N o evidence was
obtained in this study for the photo-ejection o f the arene ligand to give Cr(CO)3 ; even
when the com plexes were photolysed in CO matrices
Black et al briefly reported the photochemistry o f ArCr(CO)3 m methyl-THF
glasses at 77K  Photolysis gave nse to two pairs o f bands, o f which the higher
frequency pair was less intense and disappeared on annealing Similar behaviour was 
observed m several other systems of the type M (CnHn)(C0 2 )(R0 R') The bands were
attributed to the creation by photolysis o f two distinct fam ilies o f rotamers depending
on the arrangement o f solvent m olecules around the photolysed m olecule No
evidence for the displacement o f benzene by solvent (mTHF) was found
An extensive range o f carbonyl substituted compounds can be conveniently  
synthesised by U V  irradiation o f ArCr(CO)3 com plexes in hydrocarbon solvents in
the presence o f substituting nucleophilic hgands[52-54] Both the arene and carbonyl 
ligands can be replaced by nucleophiles, although thermal conditions generally favour 
arene exchange, while photolysis usually leads to CO loss
Hill and W nghton[55] investigated the oxidative addition o f tnsubstituted 
silanes to the photochemically generated coordinatively unsaturated (r|4 - 
C4H4)Fe(CO)2, (Ti5-C5H5)Mn(CO)2, (Tl5-C5Me5)Mn(CO)2, (Ti5-C5H5)Re(CO)2,
2 2
temperatures (85-157K ) in inert organic solvents resulted in dissociative CO loss to 
generate the sixteen valence electron dicarbonyl species which was spectroscopically 
characterised by means o f  IR On m elting the frozen glasses doped with tnsubstituted 
silane, the dicarbonyl reacted to form the oxidative addition product o f the formula 
(R)M (CO)2H (SiR3) The reactivity o f the Cr species with Et3SiH was higher than
any o f the other 16 electron compounds studied, as under the conditions used, the 
barrier to reaction between CO or Et3SiH and ArCr(CO)2 was sufficiently low  that
no unsaturated species was detected
Bitterwolf et al [56] photolysed four half-sandwich compounds, including 
(ri^-C6H6)Cr(CO)3 in nujol at 77K  Photolysis was found to form the corresponding
dicarbonyl products and 'free' CO, these reactions were photochem ically reversible 
(Ti6CgH6)-Cr(CO)3 was found to produce small amounts o f a previously unobserved
dinuclear species (n 6-C6H6)2Cr2 (CO)5 directly upon photolysis This compound is
the chromium analogue o f the isolable rhenium dinuclear compound (T|5- 
C5H5)2Re2 (CO)5 [57]. The bands associated with the dinuclear compound increased
somewhat during annealing In order to confirm the assignment o f a dinuclear 
species, a sample o f l^QD-labelled (ri^-C6H6)Cr(CO)3 was prepared. The
appearance o f only two bands in the bridging carbonyl regions o f the isotopically  
m ixed sample permitted the conclusion that the dinuclear photoproduct has only one 
bridging carbonyl group Tins product was thought to result from reactions o f  
dicarbonyl photoproducts with parent tncarbonyl com plexes, Schem e 1 2.2 1.
and (T] -^C6H6)Cr(CO)2 species Irradiation of the parent tncarbonyl at low
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W ang et al [58] studied the photochemistry o f (Tl^-C6Hg)Cr(CO)3 in the gas
phase by tim e-resolved infrared absorption spectroscopy The photofragments 
produced upon 355nm  and 266nm  photolyses were identified. (r|6-C6H(j)Cr(CO)2
was found to be the predominant photoproduct upon 355nm  photolysis while both 
(r|6-C6H6)Cr(CO)2 and (ri6-CgH6)Cr(CO) were produced upon 266nm  photolysis in
a ratio o f about 2 5 The reaction rates o f the coordinatively unsaturated species with 
CO were determined to be in the order o f picoseconds
JL3 Photochemistry of (K-allvnMn(CO)4
There has been much interest in rj^-allyl organometallic com plexes since it 
was first demonstrated m the late 1950’s that (C4H7 )Co(CO)3 has a T^-bonding
configuration[59]. The allyl group is a com m only encountered ligand in 
organometallic reactions[60] and catalytic processes[61] The ligand is o f  particular 
interest because it can engage in either or bonding to a transition metal; that is 
it can be either a-bonded (r |l)  or a - and rc-bonded (t]3) A llyl-bndged com plexes
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have also been identified[62] W hile allyl com plexes o f  the first-row transition metals
have been prepared, the most stable exam ples, o f Cr and N i, still decom pose at room
temperature Despite, and in fact because of, this much lower thermal stability, metal-
allyl compounds have been utilised in a number o f synthetic and catalytic
applications[63] In general, the r |l-a lly l com plexes are thermally less stable than
their corresponding ri^-allyl compounds and may decom pose to form T|3-allyl
com plexes[64,65] A a  to n rearrangement is an intramolecular reaction in which an
organic group CT-bonded (T]l) to a metal becom es Jt-bonded (r|n), and this process is
often reversible Such a  to n rearrangements are important in organic syntheses and
hom ogeneous catalytic processes[66] Interesting consequences o f CO dissociation 
from substituted allyl com plexes, e g  Fe(r|5 -C5H5)(C O )2(n l-C 3H4R) include syn-
and -conformations o f the R-group after a  to n rearrangement[67], reaction 1 3  1
■/-C O
(1.3.1)
In m ost cases the thermal and photochemical a  to k  rearrangements are irreversible, 
e.g  reaction 1 3  2 , but in principle the process should be reversible
hv
(Ti1 -C3H5)M n(CO)5 y  ^  (Ti3-C3H5)M n(CO)4 + CO ( 1 3  2)
25
Paz-Sandoval et al [68] investigated the addition and substitution reactions o f  
the pentadienyl com plex Cn5 -C5H7 )M n(CO)3 . It was found that reaction o f  strong a -  
donor phosphites (L=PM e3 , PM e2Ph or P-n-Bu3) with ('n^-C5H7)M n(CO)3 in
cyclohexane at room temperature afforded the rp-pentadienyl adducts (r|3- 
C5H7)M n(CO)3L, via an associauve ligand substitution involving tj3 to T|^
mterconversion The vinyl substituent was shown to be in the anti-position, reaction
1.3 3.
£
| 'MnL 0 .3  3)
Mn Tjj-
(COh <C0,3
Preliminary photochemical studies in frozen gas matrices at 20K  were also presented. 
Three-hour photolysis o f  (T|^-C5H7)M n(CO)3 in CO matrices gave n se  to bands 
attributed to formation o f (T]3-C5H7 )M n(CO)4 The spectra showed complete
consumption o f the starting material and conversion into essentially only one product. 
Bands assignable to (r|3-C5H7 )M n(CO)3 (N 2) were identified on photolysis o f the 
pentacarbonyl in a N 2 matnx This work showed the expected propensity o f  the n-
pentadienyl ligand to readily undergo r|5 to r|3 conversion. A  subsequent 
investigation o f the chemical properties o f  the Mn(r)5-C 3H5)(CO)3 com plex in the
presence o f secondary amines has led to the developm ent o f a general route for the 
synthesis o f nitrogen donor (n5-pentenyl)m anganese com plexes which have not been 
previously reported[69].
2 6
The kinetics and mechanism o f CO substitution reactions o f  (rj3- 
C3H4X)M n(CO)4 compounds was explored by Palmer and B osolo[70], where X  is
H, M e, Ph, t-Bu, or Cl in the 1- or 2-position o f the allyl ligand, reaction 1 3.4
2 MniCOl» f  PR3 — -  * Mn(CO)3(PR3) f  CO (1 3.4)
Studies on the decarbonylation reactions o f (T|l-C3H4)M n(CO)4L ruled out an t |3  to
small retardation effect on the rates o f CO substitution Substitution on the 2-position  
enhanced the rate o f reaction, furthermore, this enhancement increased with 
increasing bulkiness o f  the substituent
The photochemistry o f  (r |l-C 3H5)Mn(CO)5 isolated at high dilution in frozen
gas matrices at ca 12K was investigated by Hitam et a l [71]. U V  irradiation in inert 
CH4 and Ar matrices resulted in the photoejection o f a CO ligand with concomitant a  
to 7t rearrangement to afford (r|3-C3H5)M n(CO)4, which lost a further CO reversibly 
to yield the 16-electron species (T|3-C3H5)M n(CO)3 In N 2 matrices the unsaturated 
species reacted with a N 2 ligand to yield (T]3-C3H5)M n(CO)3 (N 2), while in CO 
matrices it's reaction with CO was so facile that no (rj3-C3H5)M n(CO)3 could be
detected even after prolonged irradiation In a CO m atnx no evidence was found for 
the reverse reaction, reaction 1 3 5
to mechanism It was concluded that CO substitution takes place by a 
dissociation (S ^ *) process Substituents on the 1-position o f  the allyl group had a
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hv
(Ti3 -C3H5)M n(CO)3 +  C O  > (Ti1 -C3H5)M n(CO)5 (1.3 5)
It was concluded that T|1 to r|3-allyl rearrangements in general proceed m solution by
a two step reactions, even when the intermediate stages cannot be observed. The 
observation o f  a T|1 to r|3 conversion in all matrices (CH4, Ar, N 2 , CO) suggests that
it is a very facile process It also suggests that manganese has a preference for an tj3- 
allyl ligand and that T|1 to r)3 rearrangement is irreversible in this case This is m 
contrast to an earlier study on the photochemistry o f (r|3-allyl)Co(CO )3 isolated m a
CO matrix where r|3 to a  rearrangement was found to be reversible, reaction 
1 3.6[72]
hv
(rj3-allyl)C o(C O )3 +  CO „  (c-allyl)C o(C O )4 ( 1 3  6)
Lee et al [73] reported the synthesis o f (r |l-2 ,4-pentadienyl)M n(CO)5 , which 
undergoes photo-induced conversion to (j}7i-r|3-2 ,4 ,-pentadienyl)M n(CO)4 and 
thermal conversion to (T]5-pentadienyl)Mn(CO)3 in a to sy/i-T]3 to
transformation, Schem e 1 3  2.
SCHEME 1 3.2
T]1 syn  —7|3 "II5
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A recent investigation by Young and W nghton[74] studied the 
photochemistry o f  (Tjl-C6H5CH2)M n(CO)5 in alkane glasses at 95K . CO loss was
the only detectable photoprocess to form the nng-slipped product (t|3- 
C6H5CH2)M n(CO)4 The identity o f the Tj3-intermediate was established by
spectroscopic means and by chemical-trapping experiments The photoproduced (r|3- 
C6H5CH2)M n(CO)4 was relatively inert thermally and photochemically with respect
to CO loss and was generated essentially quantitatively with no detectable secondary 
CO loss chemistry The ratio o f CO loss to Mn-R bond hom olysis was found to be 
wavelength dependent on irradiation at 200K, R = CH2-C6H5 . The (r|3- 
CgH5CH2)M n(CO)4 produced by 254nm  irradiation o f the (T) l-C gH 5CH2)M n(CO)5
in argon deoxygenated m ethylcyclohexane (MCH) at 200K  was detected by 
NM R It was concluded that the r|3-aryl tetracarbonyl is fluxional at 200K , 1 e. the
two compounds shown in reaction 1.3 7 are rapidly interconverting Room- 
temperature irradiation o f (rj 1-CgH5CH2)M n(CO)5 yielded both CO loss and Mn-R  
bond cleavage, giving Mn(CO)5 and R radicals. The relative importance o f these two
com petitive primary photoprocesses was shown to be wavelength dependent.
HA
ha>v^ L x Ha 
i _ i  /C>Mn(CO)4 nB nB
JC
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Various studies have shown that irradiation o f Mn2 (CO)iQ[75], 
R e2(C O )jo[76,77] or M nR e(C O )io[78] leads to loss o f  CO as the only detectable
photoreaction in a low-temperature rigid medium Oyer and Wnghton[78] studied the 
photochemistry of the heterodinuclear complex MnRe(CO)ig; they established that
the Mn-centre is the source o f the photoejected CO on near-UV irradiation in MCH  
glass containing PPh3 at 77K  On warming the sample to 298K , PPI13 reacted with 
the coordinatively unsaturated MnRe(CO)9 to yield exclusively the Mn-substituted 
species M n(CO)4(PPh3)Re(CO)5 Reaction o f PPh3 with photogenerated 
M nRe(CO)9, to give Mn(CO)4(PPh3)Re(CO)5 , is consistent with a MnRe(CO)9 
structure formed by loss o f CO from the Mn centre, yielding a species with a semi- 
bndged CO that then reacts selectively at Mn, reaction 1 4.1 It was concluded that 
Mn is the more thermally labile centre and that net substitution occurs at the site from  
which CO was extruded in the primary photoprocess
1.4 Photochemistry of Dinuclear (7t-allvnmanganese Compounds
>c  
/ > ° \  ,"co
Mn(CO>5Re<CO>5 -  OC— Mn----- — R e— CO +  CO q  4
OC^ I OC^ I 
C C
O O
PPhsI*-
Mn(CO>4<PPh3 )Re<CO)5
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Sullivan and Brown[79] presented evidence that the photochemical reaction o f  
dinuclear manganese carbonyl compounds with tnbutyltm hydnde or tnethylsilane 
occurs via oxidative addition to the primary photochemical product resulting from  
CO loss; reactions 1 4  2 and 1 4  3 where L=CO, PM e3 , P(n-Bu)3 , P(i-Pr)3 . 
hv
M n2(CO)gL2  > M n2(CO)7 L2 +  CO ( 1 4  2)
M n2(CO)7 L2 +  HM R3 ------------>  (CO )3L(H )(M R3)M n-M n(CO)4L (1 .4  3)
Follow ing the oxidative addition step reductive elimation and uptake o f  CO leads to 
HMn(CO)4L and R3MM n(CO)4L The rate o f oxidative addition decreased as the
stenc requirements o f L increased, also the lifetim e o f the intermediate product 
Mn2 (CO)7 L2 , resulting from the initial addition, varied greatly with L It was
concluded that a complete model for the reaction system s must take account o f  the 
CO -loss product as the prevalent species in a non-coordinating solvent; formation of  
the sem i-bndging form from the open form appeared to have a significant energy 
barrier
There are many examples in the literature o f organometalhc com plexes with
two metal atoms, at least one o f which is a second- or third-row elem ent. A lm ost all 
o f these have the two metal atoms directly bonded, such as M nR e(C O )iol78] or
joined by simple bndging groups such as hydndo and alkenyl[80], or pyrazine[81]. 
None o f these compounds have extended bndging ligands; particularly extended n- 
system s as in 7t-allyl The most extensive senes o f com plexes with two or more n- 
donor sites reported so far have been (rj5-aroylcyclopentadienyl)rhenium tncarbonyls 
and their (rj^-arene)Cr(CO)3 com plexes[82], a senes o f  these com plexes has been
)
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prepared for the purpose of studying through-ligand metal-metal interaction The 
carbonyl stretching frequencies o f the Re(CO)3 group and the cyclopentadienyl
proton resonances indicated 7i-electron délocalisation through the ligand system by 
the Cr(CO)3 group More recently a series o f  heterobimetallic com plexes o f
chromium and manganese with bridging a ,7t benzene and benzoyl ligands have been 
prepared by Lotz et al [83], this synthesis and structural analysis represents the first 
reported example o f  manganese o-bonded to a 7t-coordinated benzene o f (r)6- 
arene)Cr(CO)3 N o photolytic studies have been performed on these complexes to
date
1.5 P hotochem istry
The chemistry o f the m onocyclopentadienyl com plex o f vanadium, (rj^- 
C5H5)V(CO )4, is currently limited to the photosubstitution of one or two carbonyls
by ligands such as phosphines, hydrazines[84], arsines[85], aromatic alkynes[86] and 
nitric oxide[87] which are able to resist the harsh photochemical conditions These 
reactions employ the photolability of (t]5 -C5H5)V(CO )4 in preparing a variety o f  
(T|5-C5H5)V(CO )4_m Lm com plexes by irradiating (T|5 -C5H5)V(CO)4 in the
presence o f L, reaction 1 5  1 
hv
CpV(CO)4 + m L  > CpV(CO)4_mLm + mCO (1 5.1)
(where Cp = T15-C5H5)
In the case o f the monodentate ligands, e.g . L =  diene[5], PPh3 [86,88,89],! P(n- 
Bu)3[90], or PH 3[91], the products are monosubstituted derivatives o f  the .type (T|5 -
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C5H5)V (C O )3L. Photoreactions with bidentate phosphines (L-L), e.g. L-L =  
Ph2P(CH2) nPPh2  (n = 1, 2, 4)[92] or PhP(CH2CH2PPh2)2 [93], gave substituted 
com plexes o f  the type as-C pV (C O )2(L-L)
The com plex (tj5-C5H5)V(CO )3(THF), THF = tetrahydrofuran, analagous to 
the well-known (T]5 -C5Hg)M n(CO)3 (THF), has been obtained by low  temperature 
irradiation o f  dilute solutions of (T|5 -CgH5)V(CO )4 , any attempt to isolate this 
species affording (r|5 -C5H5)2V2 (CO)5 in quite low  yield[94-97] Similarly,
irradiation in tetrahydrothiophene (THT) affords the com plex (r)5. 
C5H 5)V(CO )3(TH T)[98] The utilisation o f tetrahydrothiophene, instead o f  the
isostructural tetrahydrofuran, provides a milder synthetic pathway to the preparation 
o f ('n^-C5H5)V (C O )4 derivatives (ti5-C5H5)V (C O )3 (THT) reacts readily with
several ligands, e g 2 ,2 '-bipyndine (bpy) or pyrrolidine (pyrr) to produce the 
derivatives cis-CpV (CO)2(bpy) and (r|5-CgH 5)V(CO )3(pyrr)[98]. A disubstitution
product (ti5 -C5H5)V(CO )2 (NN*) is formed on irradiation of a bidentate amine
ligand NN * with (r|5 -C5H5)V(CO)4 in THF The ligands used (1,2-diaminopropane,
1,2-diam inocyclohexane, and a Schiff base) were chelated in a bidentate manner[99]. 
Other synthetic reactions include the irradiation o f Cn5 -CgH 5)V(CO )4 in the presence 
o f acetylenes (RC=CR'), e g  R=H and R'=H, n-Bu, n-Pr, or CM e3[89] and 
R=R'=Ph[100-102] or C gFgflO l] to afford the acetylene com plexes (r|5- 
C5H5) V (CO)2 (RC=CR')
Haward et al [103] recently prepared the com plex (T iS -C gH g^ C O ^ C n2- 
H2), in which the H2 is coordinated in a 'non-classical' manner This product was 
form ed by UV photolysis o f (t|5-C5H5)V(CO)4 and H2 in n-heptane solution at room
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temperature and in liquid xenon solution at -78°C . A combination o f FTIR and TRIR 
was used to characterise this novel synthetic product.
Kinetic studies o f the thermal substitution reactions o f (r|5 -C5H5)V(CO)4
with a variety o f phosphines and phosphites have suggested that the reactions proceed 
by dissociative paths in which loss o f a CO-ligand is the rate-determining step[104]. 
Although the quantum yield data for the photochemical reaction o f  ( t^ -  
C5H5)V(CO)4 with PPh3 was consistent with an associative path, this was ruled out
because it seemed unlikely that a sterically crowded 20-electron intermediate, (r)5- 
C5H5)V(CO )4(PPh3), could be form ed[88]. Instead, the photosubstitution reactions 
o f  (ti5 -C5H5)V(CO )4 have been proposed to involve dissociative loss o f CO, i.e.
reactions 1.5.2 to 1.5.4 , where the asterisk (*) denotes an excited-state species, 
hv
CpV(CO)4  >C p V (C O )4 * (1.5.2)
CpV(CO)4 * ------------> CpV(CO)3 + CO (1.5.3)
CpV(CO)3 + PPh3 ............. > CpV(CO)3 (PPh3) (1.5.4)
In the case o f reactions carried out in THF/THT, which are coordinating solvents, the 
CO-loss product is trapped as a solvated species before the THF/THT is displaced by 
the entering ligand, reactions 1.5.5 and 1.5.6.
THF
CpV(CO)3 + T H F -----------> CpV(CO)3 (THF) (1.5.5)
CpV(CO)3(THF) + L  > CpV(CO )3 (L) + THF (1.5.6)
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Early attempts to isolate (TJ5-C5H5)V (C O )3 (THF) afforded (n^-C5H5)2V2 (CO)5 in 
quite low  yield[94-97]. Recently, however, both (r|^-C5H5)V(CO )3(TH F)[95,105] 
and (,n5-C5H 5)V (C O )3(TH T)[98] have been isolated, providing strong evidence for 
the dissociative path in the thermal substitution of (r|5 -C5H5)V(CO )4. The use o f
THF as a solvent serves as the most general synthetic method for photosubstitution of  
CpV(CO)4 .
Recently, Hitam and Rest[106] investigated the photochemistry o f (r|5- 
C5H5)V(CO )4 . Infrared spectroscopic evidence, including ^ ç .iab eiiin g^  was 
presented showing that the irradiation of (r|5 -C5H5)V(CO )4 at high dilution in frozen
gas matrices at ca. 12K results in two types o f reversible process. One process (Ar, 
CH4 matrices) is ejection o f CO to yield the species (r|5 -C5H5)V (C O )n (n = l-3 ), by
means o f a dissociative pathway. The second process is proposed to involve a change 
in the ring hapticity with the formation (r|3-C5H5)V(CO)4 and probably (r|3-
C5H5)V(CO )5 in CO matrices. The detection of these ring dechelation species
suggests that the contribution of a pathway to the solution substitution pathways
should be reevaluated. In reactive and doped matrices (N2 , C2H4, doped CH4)
irradiation yielded (ti5 -C5H5)V(CO )3 (N2), 0l 5-C5H5)V(CO )3 (C2H4) and trans-
(t15-C5H5)V(CO)2(C2H4)2 species.
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Chapter 2
Laser-Induced Photochemistry of (r|^-arene)Cr(CO) 3  Systems
45
2.1 Introduction
Enormous interest in the photochemistry of Cr(CO)g both in the gas[ 1 ] and
condensed phases[2] has been shown in past years Few investigations are reported 
into the photochemistry of (r|6-benzene)Cr(CO)3 or it's derivatives[3]; of which only
three descnbe the nature of the transient species formed by photolysis m alkane 
solution Given the dramatic difference between the thermal and photochemical 
reactions of this compound[4] it is surprising that greater attention has not been 
focussed on this system Early flash photolysis studies identified ( t^ -  
benzene)Cr(CO)2(S) (S = alkane solvent) as a primary photoproduct, reaction
2.1.1 [4(b)] An arene exchange process was also observed following photolysis, 
reaction 2.1 2 The ability of CO to quench this exchange reaction implicates (r|6- 
benzene)Cr(CO)2 as an intermediate in this reaction
hv
(r|6-arene)Cr(CO) 3  > (n6-arene)Cr(CO)2 + CO (2.1 1)
hv
0l 6-arene)Cr(CO)3 + arene'------------> (r|6-arene')Cr(CO)3 + arene (2 1.2)
Herein is reported a study of the primary and secondary photochemistry of a 
range of (T|6-arene)Cr(CO)3 complexes in alkane solution at ambient temperature.
This forms part of an investigation into the photochemistry of "half-sandwich" 
compounds[5] The goals of this study were to characterise the photoproducts and to 
obtain kinetic data for their reactions with CO and other potential ligands. Both laser 
flash photolysis and transient infrared spectroscopy (TRIR) were used in these 
investigations A  range of alkyl-substituted r | 6 - a r e n e  compounds was synthesised and
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the effect of the substituent on the reactivity of the photoproducts was measured. 
These results were compared to those obtained for the isoelectronic (T|^- 
C5R5)Mn(CO )3 system (R = H, Me, or Et).
2.2 Primary Photochemical Observations
2.2.1 Photochemistry of (n6-benzene)Cr(CO)3
2.2.1.1 Electronic Spectrum of (n6-ben/ene)Cr(CO) 3
The UV/vis spectrum of ("n^-benzene)Cr(CO)3 in cyclohexane solution is 
presented in Figure 2 2 1 1 1  Tins absorption spectrum is dominated by metal to 
ligand charge transfer (M LCT) absorptions[6] The prominant spectral features are
two intense bands centred at 220nm and 316nm Both bands have been assigned to 
charge transfer (CT) transitions, having mainly M  ~ >  (ri^-CgHg) CT character with
some M  —> rc*CO CT character Although the low-energy region has not been 
studied in detail, a shoulder on the 316nm band, at ca 370nm, probably involves low- 
energy LF absorptions A third band centred at 264nm is attributed solely to M  ~ >  
7t*CO  CT transitions Previous investigations of the photochemistry of (t^ -  
benzene)Cr(CO)3 were monitored solely in the visible region of the spectrum where
the transient absorptions are weak
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Figure 2.2.1.1.1 UV/vis absorption spectrum of a 2.45 x 10 '4 mol dm' 3 solution of 
(r|6-benzene)Cr(CO)3 in cyclohexane.
2.2.1.2 Preliminary Experimental Results
Two first-order kinetic processes were observed on the microsecond timescale 
following 355nm laser flash photolysis of ( r | 6 - b e n z e n e ) C r ( C O ) 3  in cyclohexane
solution (e354nm = 3060 dm3 m ol'l cm *l) under 1.0 atmosphere of CO. The data
yields two observed rate constants, k05s( j )  for the short time portion and k0bs(2) for
the long time portion of the absorption decay. The observed rate constants of the first 
and second transient species were measured to be 7.9 x 104 s"l and 3.0 x 103 s‘ l 
respectively. Figure 2.2.1.2.1 displays a plot of absorption versus time fitted by a sum 
of two exponential functions on data obtained after flash photolysis at 280nm. It is 
clear that the transient signal is intense and high quality kinetic data can be extracted. 
The absorption attributed to the two observed species does not return to baseline,
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Figure 2.2.1.2.2 (a), indicating that the process is not fully reversible over these 
timescales. This residual absorption is attributed to the presence of a third species 
which is long lived. In the absence of CO, i.e. when an argon atmosphere was 
admitted to the reaction cell, the formation of the third transient species predominates 
and almost completely obscures the absorptions of species 1 and 2 when monitored at 
280nm, Figure 2.2.1.2.2 (b). The origin of this third species will be discussed later.
No effect was observed on the rate of decay of either species as the 
concentration of (r|6-benzene)Cr(CO)3 was altered. Figures 2.2.1.2.3 and 2.2.1.2.4.
The lifetime of the first transient species displayed a linear dependence on the 
concentration of CO; Figure 2.2.1.2.5, while the yield of this species was unaffected. 
The slope of this line, calculated to be 6.7 x 10^ ±  0.6 x 10^ m ol'l dm3 s‘ l ,  gives the 
second order rate constant for the reaction of this species with CO. No effect was 
observed on the rate of decay or the yield of the second observed species as the 
concentration of CO was altered, Figure 2.2.1.2.6. The CO concentration in 
cyclohexane solution was taken as 1.2 x 10"2 mol dm"3 under 1.0 atmosphere of CO 
at 298K[7].
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Figure 2.2.1.2.1 Absorbance versus time fitted as a function of two exponential
functions on data obtained at 280nm after flash photolysis of a cyclohexane solution 
of (ri^-benzene)Cr(CO)3 under 1.0 atmosphere of CO at 298K.
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1 ns/diu
Figure 2.2.1.2.2 Oscilloscope traces of transient absorption species recorded at 
280nm under 1.0 atmosphere of CO (a); and under 1.0 atmosphere of argon (b).
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0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
[(benzene)Cr(C0)3]  x 1 0 ~ - 5  m ol  d m - 3
[(T|6-benzene)Cr(CO)3] mol dm' 3 ^obss ^
7.36 x 10' 5 78922
7.91 x 10' 5 78921
9.13 x 10' 5 81180
1.07 x 10' 4 75991
1.10  x 10 '4 80322
1.77 x 10' 4 79210
2.07 x 10' 4 76837
Figure 2.2.1.2.3 A plot of [(r|6-benzene)Cr(CO)3] (mol dm '3) against the observed
rate constants (s 'l)  obtained for the decay of the first primary photoproduct at 298K  
under 1.0 atmosphere of CO.
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kobs x 10-3 s-1
[(benzene)Cr(C0)3]  x 10 —  5 m o l  d m - 3
[(r|6-benzene)Cr(CO)3 ] mol dm' 3 ^obss ^
1.62 x 10 '5 2900
7.91 x 10' 5 3075
2.07 x 10' 5 2923
2.42 x 10' 4 2707
2.62 x 10 '4 1789
Figure 2.2.1.2.4 A plot of [(r|6-benzene)Cr(CO)3] (mol dm '3) against the observed 
rate constants (s '*) obtained for the decay of the second primary photoproduct at 
298K under 1.0 atmosphere of CO.
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0 0.002 0.004 0.006 0.008 0.01 0.012 0.014
(CO) mol dm-3
rcoi mol dm"3 kobss ^
0.003 15048
0.006 42257
0.009 56269
0.012 77323
k[co] = 6.7 x 106 ±  0.6 x 10^ dm3 mol‘ 1 s 'l 
Intercept = -2486 ± 3870 s"l 
Corr. Coeff. = 0.993
Figure 2.2.1.2.5 A second order plot of the observed rate constants (s‘ l )  for the 
decay of the first primary photoproduct with different concentrations of CO (mol dm" 
3) at 298K.
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Figure 2.2.1.2.6 A plot of the observed rate constants (s 'l)  for the decay of the 
second primary photoproduct with different concentrations of CO (mol dm '3) at 
298K.
The rate constant for the reaction of species 1 with CO, 6.7 x 10^ dm3 mol"l 
s 'l, is similar, if  a little faster, to that reported for the reaction of Cr(CO)5(S) with
CO in cyclohexane (3.0 x 10^ dm3 m ol*l)[8]. A  study into the primary 
photochemical reactions of ('n^-C5H5)Mn(CO)3[5(f)], structurally analagous to (t^ -  
benzene)Cr(CO)3 , concluded that a molecule of solvent probably occupies the vacant 
coordination site to give a (r)5-C5H5)Mn(CO)2(S) species; as in the case of M (C O )5 
in most reactions[2(b)]. Similar experiments have shown that M (CO )5(S) is the only
detectable species in hydrocarbon solution even on a picosecond time-scale[9]. On the 
basis of these results, the primary photoproduct, species 1 , is assigned to (r|6- 
benzene)Cr(CO)2(S), S=cyclohexane, where a molecule of solvent occupies the 
vacant coordination site of (r|6-benzene)Cr(CO)2 as a "token" ligand. This
observation of CO loss as a primary photoreaction is in accordance with matrix 
isolation studies on (T|6-arene)Cr(CO)3 by several research groups[3(c), 10].
The observed kinetic behaviour implies that two reactive species exist at 
comparable concentrations in the time domain under study. The question arises as to 
whether the two species are generated consecutively or simultaneously from the (r|6- 
benzene)Cr(CO)3 precursor. The results obtained in the presence of various
concentrations of CO indicate that species 2 cannot be formed in a reaction involving
species 1. I f  this were the case, then the yield of species 2 would be reduced upon
increasing the concentration of CO, assuming that species 1 is the carbonyl loss 
product (r|6-benzene)Cr(CO)2(S). It is evident, therefore, that at least two primary
photoproducts are produced following the photolysis of (r|6-benzene)Cr(CO)3 in
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cyclohexane solution. Previous studies only revealed evidence for the formation of 
one primary photoproduct as the U V  region of the spectrum was not examined.
2.2.1.3 Spectra of Prim ary Photoproducts
The UV/vis difference spectra obtained from 355nm laser flash photolsis 
experiments in cyclohexane solution are given in Figure 2.2.1.3.1. The spectrum at 
2|is represents the co-addition of the transient absorption spectra of both primary
photoproducts. The significant spectral features are the negative band at ca. 320nm, 
arising from depletion of the parent tricarbonyl (^imax = 316nm), and the positive
absorption band in the U V  region at ca. 285nm which occurs in the valley of the 
absorption profile of the parent compound. In contrast to this strong differential 
absorption at 285nm, the absorption at higher wavelengths, A>400nm, is very weak. 
The transient absorption spectrum at 70[is after the laser pulse is essentially a 
spectrum of species 2 alone. This spectrum is almost identical to that recorded at 2|is 
after the laser flash, given the reduced intensity of the transient absorptions. These 
spectra demonstrate the importance of monitoring these processes in the U V  region of 
the spectrum as neither species absorbs light strongly in the visible region.
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Absorbance
Wavelength (nm)
Absorbance
Wavelength (nm)
Figure 2.2.1.3.1 UV/vis difference spectra recorded at 2|is (a) and 70|is (b) following 
355nm laser flash photolysis of (r|6-benzene)Cr(CO)3 in cyclohexane solution.
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2.2.1.4 Effect of Power of Laser on Concentration of Prim ary Photonroduets
In order to confirm that both transient species were produced as the result of 
single photon events, an experiment was performed in which the intensity of the laser 
pulse was varied systematically. The absorbances of the primary photoproducts 
should vary linearly with the power of the laser. The absorbance was measured at 2[is 
after the laser flash, at the maximum absorbance of both primary photoproducts, and 
at 50|is after the laser flash where the decay of species 1 is completed and the 
absorbance is effectively due to species 2 alone. The results are shown in Figure
2.2.1.4.1, where the relative power of the laser is plotted against the absorbances of 
the primary photoproducts. There is more error involved in the values recorded at 
50|is as the absorbance values plotted were lower. It was concluded that neither of 
these transient absorptions arose from species produced in multiphoton events.
Absorbance
Applied Voltage (V)
Figure 2.2.1.4.1 Plot showing the variation in the absorbance of the transient species 
with relative laser power. The absorbances were recorded 2|is(a) and 50fis(b) after the 
laser pulse.
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Production
No difference could be observed in the relative yields nor the kinetic 
behaviour of the primary photoproducts produced following excitation of (n°- 
benzene)Cr(CO)3 with 266nm irradiation, as compared to the results obtained on
355nm irradiation. The absorbances were measured at 280nm under at a CO 
concentration of 1.2 x 10 '^ mol dm"3. These results are given in Table 2.2.1.5.1.
Therefore, there is no evidence for a wavelength dependancy in the photochemistry of 
(r|6-benzene)Cr(CO)3 . This confirms and extends the observation by Wrighton et al. 
for a lack of wavelength dépendance in the photochemistry of ( T | 6 - b e n z e n e ) C r ( C O ) 3 ,
for wavelengths > 313nm[6(d)].
2.2 .1 .5  E ffect o f  Laser Irradiation W avelength  on Prim ary P hotonroduct
^obss ^
355nm 266nm
(r|6-benzene)Cr(CO)2(S) 77679 82252
Species 2 3800 3049
Table 2.2.1.5.1 A comparison of the observed rate constants of the primary 
photoproducts produced on laser flash photolysis of Cn6-benzene)Cr(CO)3 with
355nm and 266nm laser irradiation; at a CO concentration of 1.2 x 10"2 mol dm' 3 at 
298K.
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It  is found that upon three freeze-pump-thaw degassing cycles followed by 
liquid pumping of the sample solution at room temperature (where cyclohexane 
solvent is pumped off under vacuum and the solution is effectively concentrated) the 
yield of the second transient species is greatly reduced and with extensive liquid 
pumping only species 1 is detectable under these circumstances The rate of decay of 
species 1 is unaffected by this procedure while the yield is increased slightly The 
transient signal recorded after liquid pumping of a cyclohexane solution of (r|6- 
benzene)Cr(CO)3 under 1 0 atmosphere of CO is displayed in Figure 2 2.1 6.1 This 
signal fits a single first-order kinetic process, k05s = 7 4 x 104 s'^, returning almost
to the baseline value with little residual absorption.
2 .2 .1 .6 E ffect o f  L iqu id-P um ping on L aser F lash P hotolysis T ransient Species
•T3X
10 us/diu
Figure 2.2.1.6.1 Oscilloscope a ace of transient absorption species recorded at 280nm 
under 1 0 atmosphere of CO after liquid pumping of the solution
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These experiments conducted with solvents of different dryness suggest that
the formation of an impurity complex, possibly involving the binding of water
molecules, might be responsible for the second transient absorption signal. No
spectral changes are detected in the electronic absorption spectrum of the parent
throughout the experiment; indicating that this species eventually regenerates the
parent molecule. This transient species could be coordinatively saturated, hence the
observation that the second transient species does not react with CO. Impurities in the
solvent, some of which may have been introduced during the degassing procedures, 
have been shown to have a dramatic effect on the photochemistry of Cr(CO)g as
monitored by conventional and ns flash photolysisfl 1 ].
2.2.1.7 A Study of the Activation Parameters for the Reaction of (n6- 
benzene)Cr(CO)2(S) with CO
Activation parameters for the reaction of (n6-benzene)Cr(CO)2(S) with CO
were measured from Arhenius and Eyring Plots over a temperature range of 283 to
32IK . It was assumed that the solubility of CO in cyclohexane remains constant for
this range of temperatures[7]. The results are detailed in Table 2.2.1.7.1 and
illustrated graphically in Figure 2.2.1.7.1. The calculated activation parameters are 
similar to those associated with the reaction of Cr(CO>5(S) with CO in cyclohexane:
i.e. low activation enthalpy and large negative activation entropy[12]. They are also 
similar in magnitude to those determined for the reaction of (r|5-C5H 5)M n(CO)2(S) 
and (T|4-C4H4)Fe(CO)2(S) with CO[5(b)]. The value of AS^ is not extremely 
negative as expected for a purely associative reaction (AS^ < -120 J m ol'l K 'l ) ;  the 
slightly negative value indicates an interchange mechanism for the transition state.
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The activation parameters are therefore consistent with the following reaction 
scheme, where Ar = Tj^-benzene. 
hv
ArCr(CO)3  > ArCr(CO)2 + CO (2.2.1.7.1)
ArCr(CO)2 + S  > ArCr(CO)2(S) (2.2.1.7.2)
ArCr(CO)2(S) + C O -------------> [ArCr(CO)2(S)(CO)] (2.2.1.7.3)
[ArCr(CO)2(S )(C O )]------------> ArCr(CO)3 + S (2.2.1.7.4)
Loss of CO and coordination of a cyclohexane molecule by the coordinatively
unsaturated fragment occurs in a matter of ps and is not observable over the time-
scales used here. Reaction 2.2.1.7.3 is the rate determining step.
Table 2.2.1.7.1 fa) Experimental data for the determination of the energy, entropy 
and enthalpy of activation for the reaction of (rj6-benzene)Cr(CO)2(S) with CO;
[(ri^-benzene)Cr(CO)3] = 2.1 x 10' 4 mol dm' 3 and [CO] = 1.2 x 10"^ mol dm-3.
1/T (x 103) Ln(kobs/[CO]) Ln((kobs/[CO])/T)
3.53 15.18 9.53
3.46 15.53 9.86
3.36 15.73 10.03
3.29 16.93 10.21
Arrhenius Plot Faring PiQt Activation Parameters
Slope =-2959 ± 404 Slope =-2666 ± 404 Ea = 25 ± 3 kJ mol" 1
Int. = 25.68 ±  0.07 Int. = 19.00 ± 0.07 A H *  = 22 ±  3 kJ mol’ 1
Corr. Coeff. = 0.982 Corr. Coeff. = 0.978 AS*  = -40 ±  20 J mol’ 1 K "1
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Table 2.2.1.7.1 (b) Experimental data for the determination of the energy, entropy 
and enthalpy of activation for the reaction of (n6-benzene)Cr(CO)2(S) with CO;
[Cn6-benzene)Cr(CO)3] = 2.6 x 10 '4 mol dm' 3 and [CO] = 1.2 x 10'^ mol dm '3.
1/T (x 103) Ln(kobs/[CO]) Ln((kobs/[CO ])/T)
3.46 15.44 9.78
3.38 15.60 9.91
3.33 15.72 10.01
3.28 15.96 10.23
3.23 16.06 10.32
3.17 16.20 10.45
3.11 16.52 10.75
Arrhenius Plot Evring Plot Activation Parameters
Slope =-3050 ± 205 Slope = -2744 ± 203 Ea = 25 ±  2 kJ mol' 1
Int. = 25.94 ± 0.06 Int. = 19.21 ± 0.06 A H * = 23 ±  2 kJ mol' 1
Corr. Coeff. = 0.989 Corr. Coeff. = 0.987 AS* = -38 ± 20 J mol' 1 K ' 1
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Ln (kobs/[CO])
1/T x 10~-3
Ln((kobs/[CO])/T)
1/T x 10~-3
Eigure 2,2,1.7,1 Arrhenius (a) and Eyring (b) plots for the reaction of (T|6- 
benzene)Cr(CO)2(S) with CO.
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Species 2 was found not to react with CO or parent. The decay of this species 
is assumed therefore to be a true first order, and not a psuedo-first order, process. 
Activation parameters were measured from Arrhenius and Eyring Plots over a 
temperature range of 284 to 321K. The results are detailed in Table 2.2.1.8.1 and 
illustrated graphically in Figure 2.2.1.8.1 where T  = temperature (K). These values 
were obtained at a CO concentration of 1.2 x 10 '^  mol dm'3.
Table 2.2.1.8.1 (a) Experimental data for the determination of the energy, entropy 
and enthalpy of activation for the reaction of species 2; [(r|6-benzene)Cr(CO)3] =2 .1
x 10 '4 mol dm'3.
2 .2 .1 .8 A Study o f  the A ctivation P aram eters for Species 2
l /T  (x 103) Ln(k0bs) Ln(kobs^)
3.52 6.79 1.14
3.46 7.25 1.59
3.36 7.98 2.28
3.29 8.31 2.59
Arrhenius Plot Evring Plot Activation Parameters
Slope = -6711 ± 433 Slope = -6418 ±4 3 2  Ea = 56 ±  4 kJ mol’ 1
Int. = 30.45 ± 0.08 Int. = 23.77 ± 0.08 A H * = 53 ±  4 kJ mol"1
Corr. Coeff. = 0.996 Corr. Coeff. = 0.995 AS* = 0 ±  20 J mol’ 1 K ’ 1
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Table 2.2.1.8.1 ih) Experimental data for the determination of the energy, entropy 
and enthalpy of activation for the reaction of species 2; [(T|6-benzene)Cr(CO)3] = 2.6
x 10"4 mol dm '3.
l /T  (x 103) Ln(kobs) Ln(k05s/T)
3.46 7.08 1.42
3.38 7.49 1.80
3.33 8.01 2.31
3.28 8.30 2.58
3.23 8.66 2.93
3.17 9.01 3.25
3.11 9.44 3.66
Arrhenius PlQt E m n g iìlfli Activation Parameters
Slope =-6879 ± 190 Slope = -6574 ± 190 Ea = 57 ±  2 kJ mol' 1
Int. = 30.86 ± 0.06 Int. = 24.14 ± 0.06 A H * = 55 ±  2 kJ mol' 1
Corr. Coeff. = 0.998 Corr. Coeff. = 0.998 AS* = 3 ± 20 J mol’ 1 K ' 1
67
Ln(kobs)
1/T x 1CT-3
Ln(kobs/T)
1/T x 1CT-3
F igure 2.2.1.8.1 Arrhenius (a) and Eyring (b) plots for the reaction o f species 2.
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From the activation parameters determined it is obvious that two transient 
species are present which do not react in the same manner. The thermodynamic 
parameters associated with the reaction of species 2 with CO are clearly different to 
those expected for the reaction of a formally coordinatively unsaturated carbonyl 
compound. The enthalpy of activation is significantly larger in this case. It is clear 
from structural studies on (Ti6-benzene)Cr(CO)3 that the three carbonyl ligands in this
compound are chemically equivalent[13] and therefore it is impossible to produce 
more than one single carbonyl loss product from this parent molecule. The only other 
likely primary photoproduct would seem to be one involving a hapticity change at the 
arene ligand. A hapticity change of at least two, which would open up a vacant
coordination site on the chromium atom, would seem to be the most likely 
transformation, e.g. a r|6 to a T|4 hapticity change. (r)4-arene)Cr(CO)4 compounds 
have been reported[14], and a molecular structure of (T|6-CgMe6)Cr(CO)3 has been
determined by single crystal X-ray diffraction in which the hexamethylbenzene 
adopts the Dewar benzene conformation[15]. Also, Dewar benzene can be produced 
by irradiation of benzene under suitable conditions[16]. The observation that species 
2 does not react with CO suggests that this species is coordinatively saturated while 
the results obtained on liquid pumping indicate that this species arises from reaction 
of a photoproduct with impurity ligand. Consequently, transient species 2 is most 
plausibly assigned to an (r|4-benzene)Cr(C0 )3(H 2 0 ) species. The production of this
complex would not only involve a reaction of the metal centre with the impurity 
ligand, but also a conformational change at the arene ligand; hence the large enthalpy 
of activation. It is not possible using UV/vis transient spectroscopy to unambiguously
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occuring may be as follows, where Ar = benzene, 
hv
(ti6-Ar)Cr(CO)3  > (ri4-Ar)Cr(CO)3 (2.2.1.8.1)
(Ti4-Ar)Cr(CO)3 + H20 ----------> (Ti4-Ar)Cr(C0)3(H20) (2.2.1.8.1)
(r|4-Ar)Cr(CO)3(H20 ) --------- > (T]6-Ar)Cr(CO)3 + H20  (2.2.1.8.1)
On liquid pumping, the removal of solvent impurity could preclude the formation of 
the (ri4-benzene)Cr(C0)3(H20 )  species, leaving the coordinatively unsaturated Cn4-
benzene)Cr(CO)3 species in solution which then regenerates the parent complex; this
should occur on much shorter timescales as the coordinatively unsaturated species
would be more unstable than the fully coordinatively saturated species.
2.2.1.9 Tim e Resolved Infrared Spectrum of (n6-benzene)Cr(COV>(S)
The TR IR  spectrum obtained within l^s following the laser flash photolysis 
of (T|6-benzene)Cr(CO)3 ¡n n-heptane under 2.0 atmospheres of CO is displayed in
Figure 2.2.1.9.1. In this spectrum the negative peaks represent the depletion of the 
parent absorbances at 1983cm' 1 and 1915cm'1. The two positive peaks in the vco
region of the spectrum at 1927cm*1 and 1877cm"1 correspond to photoproduct
production. The number and nature of the bands are consistent with their assignment 
as the A i (1927cm'1) and the B j (1877cm*1) terminal carbonyl stretching modes of a 
(r|6-benzene)Cr(CO)2(S) species having local C2v symmetry. The loss of a carbonyl
ligand would tend to make the remaining ligands more tightly held to the metal, with 
an increase in the force constant of the bond and a corresponding decrease in the vco
assign a structure to this proposed r|4 -benzene species. The series o f  reactions
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stretching frequencies. The band positions are in agreement with previous studies in 
methane matrices and nujol mull matrices, Table 2.2.1.9.1.
Figure 2.2.1.9.1 Time resolved infrared spectrum of (T|6-benzene)Cr(CO)3 obtained 
within l[is after the laser flash in n-heptane solution under 2.0 atmospheres of CO.
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Table 2.2.1.9.1 A comparison of the IR  stretching frequencies (cm-1) for (T]6- 
benzene)Cr(CO)3 and (T|6-benzene)Cr(CO)2 detected in various media. ^Reference
10(b). ^Reference 10(a). cthis work.
Medium Temperature vco
(Tl6-C6H6)Cr(CO)3
vco
(Tl6-C6H6)Cr(CO)2
nuiol matrix0 77K 1980,1909 1921,1868
methane matrix^ 12K 1983,1913 1925,1870
n-heptane solution0 303K 1983,1915 1927,1877
The results of this TRIR experiment confirm, for the first time, that (r|6- 
benzene)Cr(CO)2(S) is indeed a primary photoproduct in alkane solution at room 
temperature. As with M (CO )5 species (M  = Cr, Mo, or W ), it is likely that the vacant
coordination site in this intermediate is occupied by a molecule of solvent (S) as a 
"token" ligand[17]. The second order rate constant for the reaction of this (r|6- 
benzene)Cr(CO)2(n-heptane) species with CO was calculated to be 3.0 x 10^ dm' 3
mol' 1 s '1. To allow a direct comparison of the observed rate constants in the TRIR
and flash photolysis experiments, the experiments were repeated in identical solvents.
The results obtained using the two techniques are in close agreement; Table 2.2.1.9.2,
confirming the assignment of the first observed photoproduct in the UV/vis 
experiments as the solvated (r|6-benzene)Cr(CO)2(S) species.
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An interesting point to note is the difference in rate constants between
experiments carried out in cyclohexane and n-heptane solution. The rate constants
observed in linear alkanes (pentane, n-heptane) are approximately 2-3 times faster
than those observed in cyclohexane. This is consistent with the trend for displacement 
of heptane and cyclohexane from Cr(CO)5 (alkane) by strongly bonding ligands.
Invariably heptane is displaced faster than cyclohexane[2(a),5,18,19]. Greater rates of 
displacement for heptane versus cyclohexane were also observed for (ti^- 
C5H 5)Mn(CO)2(alkane)[5]. This implies that different interaction energies are
involved in the coordination of cyclohexane to the metal as chemically these solvents 
differ only in shape. Gas phase studies with W (CO)5 indicate a binding enthalpy of
44 kJ mol"1 for n-pentane and 48 kJ mol*1 for cyclohexane[20]. Photoacoustic
calorimetric studies have shown that n-heptane and cyclohexane bind to the 
coordinatively unsaturated Cr(CO)5 fragment with an interaction energy of 40 and 53
kJ mol' 1 respectively[21]. This observation has been used to explain the differences 
in reactivity of the photofragments generated in cyclic as opposed to linear alkane 
solution. The higher activation energies associated with cyclohexane may be 
attributed to stronger coordination of the cyclohexane molecule to the metal centre. It  
has been suggested that these complexes have a stereospecific interaction between the 
metal and alkane that can only be formally described as an intermolecular agostic 
bond and that these bonds prefer to form with secondary CH rather than primary CH. 
This may be attributed to the fact that secondary CH bonds are less sterically hindered 
than primary CH bonds. An electronic factor favouring secondary agostic bonds may
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be that secondary CH are more electron rich than primary CH. It is these variations 
which are thought to result in differences in the reactivity of the photoproducts.
Table 2.2.1.9.2 A comparison of the second order rate constants for the reaction of 
(r|6-benzene)Cr(CO)2(S) with CO in various media, as measured by transient U V  and
TRIR  experimental techniques.
Solvent k2 dm3 mol' 1 s' 1 Temp K Technique
cyclohexane 6.7 x 106 ± 0 .7 x  106 303 U V
cyclohexane 7.5 x 106 ± 0 .8 x  106 299 TRIR
pentane 1.8 x 107 ± 0.2 x 107 303 U V
n-heptane 3.0 x 107 ± 0.3 x 107 300 TRIR
2.2.1.10 Time Resolved Infrared Spectrum of (nS-benzene^CrfCOWH^O)
The TR IR  spectrum obtained 20|is following the laser flash photolysis of ( t^ -  
benzene)Cr(CO)3 under 2.0 atmospheres of CO is depicted in Figure 2.2.1.10.1. The
cyclohexane solvent used in this experiment was of spectroscopic grade, with no 
distillation prior to use. The negative band at 1915cm'1 arises from depletion of the 
parent absorption; the edge of the second parent peak is observed as a negative 
deflection at 1980cm'1. A band attributed to a photoproduct is observed at 1902cm'1; 
a positive deflection at 1852cm'1 indicates the presence of a second photoproduct 
band. As such, the spectrum is incomplete and should be repeated over a larger
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wavenumber range than was monitored in order to fully record the bands of parent 
and photoproduct. The observed photoproduct is assigned to a (r|6- 
benzene)Cr(CO)2(impurity) complex. Photoproducts produced on photolysis of metal
carbonyl precursors are known to be extremely reactive and can coordinate trace 
amounts of impurities present in the solvent. Poliakoff et al. reported the production 
of Cr(CO)5N 2 by the U V  photolysis of Cr(CO)6 in liquid xenon solution[22]. This 
species was produced on coordination of trace amounts (<1 p.p.m.) of N 2 present in
the noble gas to the photolysis product, reaction 2.2.1.10.1. 
hv
Cr(CO)6 + N2  > Cr(CO)5(N2) + CO (2.2.1.10.1)
In the case of this experiment, it is likely that the interference was caused by trace 
levels of water present in the non-distilled cyclohexane. Church et al. observed a 
complex assigned as the Cr(C0)5(H20 )  product in a study into the photoreactions of 
Cr(CO)6[18]. The infrared frequencies of this complex were shifted to lower 
frequency (i.e. higher energy) of the Cr(CO)5 photoproduct by 14-21cm*1; Table
2.2.1.10.1. In this study the band of the (T|6-benzene)Cr(CO)2 photoproduct is
shifted by 25cm '1 to lower frequency as compared to the TR IR  spectrum of (r|6- 
benzene)Cr(CO)2(S) recorded in n-heptane. A similar shift in the B j band of the
complex allows a predicted frequency of 1850cm'1 for the second peak; identical to 
the position of the positive deflection in the TR IR  spectrum observed experimentally. 
Church et al. also noted that the IR bands of C r(C 0)5(H 20 )  were approximately 
twice as broad as those of Cr(CO)5(C6H j2), a similar feature is noted here on
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comparison of the photoproduct bands with those of (ri^-benzene)Cr(CO)2(n-
heptane) recorded earlier.
In addition to the bands attributed to parent and (r|^-benzene)Cr(C0)2(H20)
photoproduct, there is a very weak band at 1962cm'1 evident in this spectrum, and 
possibly a second band at 1890cm'1. These bands could arise from the absorptions of 
a (ri4-C6H6)Cr(C0 )3(H20 ) species; additional bands of which may be obscured by
the more intense absorptions of the other species present. As the (n4- 
Q )H 6)Cr(CC))3 (H 20 ) complex is not as highly symmetrical as the (r|6- 
benzene)Cr(CO)2(S) photoproduct any infrared absorptions would be expected to be 
very weak. Also, the extinction coefficient of the (r|4-C6H6)Cr(C0)3(H20) species 
may be much lower than that of the (rj^-benzene)Cr(CO)2 species, while they may be
comparable in the ultraviolet region. However, as this spectrum was recorded 'single­
shot' these weak absorption peaks may be attributed to an artifact and these results 
should ideally be repeated for verification.
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Figure 2.2.1.10.1 Time resolved infrared spectrum of (Ti6-benzene)Cr(C0 )2(H20 ) 
recorded 20 i^s after the laser pulse in non-distilled cyclohexane solution.
Table 2.2.1.10.1 A comparison of the IR stretching frequencies (cm 'l) for Cr(CO)5, 
Cr(C0 )5(H20 ), (r|6-benzene)Cr(CO)2(n-heptane). and (Ti6-benzene)Cr(C0 )2(H 20 ). 
aChurch et al. in cyclohexane solution at 298K[18] ^this work, n-heptane solution at 
303K. cthis work, cyclohexane solution at 303K.
Complex vco
Cr(CO)5a 1960,1937
C r(C 0)5(H20 ) a 1946,1916
(Tl6-benzene)Cr(CO)2(n-heptane)^ 1927,1877
(Ti6-benzene)Cr(C0)2(H 20 ) c 1902,1850
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2.2.2.1 Introduction
In the previous section (r|6-benzene)Cr(CO)2(S) has been identified as a 
primary photoproduct on laser flash photolysis of (îl^-benzene)Cr(CO)3 in room 
temperature solution. A series of substituted (Ti^-arene)Cr(CO)3 complexes was
synthesised in order to study the effect of methyl-substitution of the arene ring on the 
observed photoreactions. It was thought that any hapticity change product produced 
would be increasingly stablised by the presence of the methyl groups, as the electron 
donating effect of the arene ligand increases throughout the series. The increased 
bulkiness of the arene ligand also introduces the possibility of steric hindrance as a 
factor for consideration in the photoreactions.
2.2.2. 2___Electronic Spectra o f Methvl-Substituted (n6-arene)Cr(CO )3
Compounds
Absorption spectra of (r|6-benzene)Cr(CO)3 and related complexes that have
been studied are dominated by M LC T absorptions[6]. The absorption spectra of the 
series of (r)^-arene)Cr(CO)3 complexes studied are given in Figure 2.2.2.2.I. The
prominent spectral feature is a sharp, intense band centred near 320nm which has 
been assigned as a M  —> arene CT with some M  —> 7t*CO CT character. The next 
transition is clearly seen in the spectrum of the benzene complex centred at 264nm. It 
is assigned solely as a M  --> rc*CO CT band. A hypsochromic shift (blue shift) of this 
band is observed as the number of electron-releasing methyl groups on the arene is 
increased; consequently this band is less resolved in the other arene complexes. It is
2.2.2 P hotochem istry o f  M ethvl-Substitu ted  (n 6-arene)C r(C O )3 C om pounds
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this band alone which reflects the reduction in CO bond order as the degree of 
méthylation increases on going through the series. In the high energy region, a peak 
centred at ca. 220nm also involves a M  —> n *C O  CT transition. These transitions are 
summarised in Table 2.2.2.2.I.
A ll of the compounds detailed exhibit a well defined 'window' in the 
absorption profile at 280-290nm through which absorptions due to transient species 
may be observed. Again, the importance of viewing the transient species produced by 
these compounds in the U V  region of the spectrum is emphasised. The extinction 
coefficients of the arene complexes at the excitation wavelength used in flash 
photolysis experiments (355nm), and the IR carbonyl stretching frequencies of the 
parent tricarbonyls in alkane solvent are detailed in Table 2.2.2.2.2. A reduction in 
the vc0 is observed as the number of methyl groups on the arene ring increases;
reflecting the slight decrease in bond order of the CO moiety with increasing electron 
donation from the arene ligand.
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Absorbance (AU)
Wavelength (nm)
Figure 2,3,2,2, j UV/vis absorption spectra of (r|6-arene)Cr(CO)3 complexes in 
cyclohexane solution; (a) (r|6-benzene)Cr(CO)3 , 6.43 x 10 '^ mol dm*3; (b) (T|6- 
toluene)Cr(CO)3 , 7.43 x 10*5 mol dm*3; (c) (T|6-p-xylene)Cr(CO)3 , 1.35 x 10' 4 mol 
dm*3; (d) (T|6- l ,3 ,5-mesitylene)Cr(CO)3 , 1.83 x 10' 4 mol dm '3; and (e) (r|6- 
CgH6)Cr(CO)3 , 1.46 x 10' 4 mol dm"3.
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Table 2.2.2.2.1 Spectral data for (r| 6-are ne) Cr(CO) 3  complexes, where (sh) denotes a 
shoulder on an absorption band
Ti^-Arene Bands, nm Assignment Reference
Benzene 376 LF? [6(a), 6(b)]
316 M  —> arene, 7t*CO CT
264 M  - >  n *C O  CT
220 M  ~ >  7t*CO CT
Toluene 316 M  —> arene, rc*CO CT
260 M  ~ >  tc*CO  CT
224 M  - >  7t*CO CT
P-Xylene 320 M  --> arene, 7t*CO  CT
256 M  - >  tu*CO  CT
230 M  ~ >  7t*CO CT
1,3,5-Mesitylene 316 M  —> arene, 7i*C O  CT [6(a)-6(d)]
254(sh) M  --> 7t*CO CT
216 M  ~ >  7t*CO CT
C6Me6 324 M  —> arene, n *C O  CT [6(d)]
250(sh) M  - >  7t*CO CT
226 M  - >  7t*CO CT
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T a frlg 2,2,2,2,? A summary of the UV/vis extinction coefficients at 354nm (in
cyclohexane) and the infrared carbonyl stretching frequencies (in n-pentane) for the 
series of (T|6-arene)Cr(CO)3 compounds.
Ti^-Arene e354nm dm3 mol' 1 cm' 1 vco cm' 1
Benzene 3060 1983,1915
Toluene 3940 1980,1913
P-Xylene 3390 1978,1909
1,3,5-Mesitylene 3220 1972,1904
CôMe6 4050 1970,1885
2.2.2.3 Preliminary Experimental Results
Laser flash photolysis of methyl substituted (T|6-arene)Cr(CO)3 complexes 
(arene = toluene, p-xylene, 1,3,5-mesitylene, CgMeg) in non-liquid-pumped
cyclohexane solvent under 1.0 atmosphere of CO reveals two first-order kinetics
processes on the microsecond time-scale. The data yields two observed rate constants;
for the short time portion and for the long time portion of the decay profiles. The
observed rate constant of the first observed transient species was found to be directly
dependant on the CO concentration present in solution, as previously noted for the 
(t|6-benzene)Cr(CO)2(S) complex. Also, the lifetime of this transient absorption
monitored at 280-290nm is found to be very similar to that of the (r)6- 
benzene)Cr(CO)2(S) species previously assigned from TR IR  and laser flash
photolysis experiments. By analogy, this first transient species is therefore attributed 
to the (r|6-arene)Cr(CO)2(S) species. No evidence was found for a dépendance of the
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rate of decay of this species on the concentration of (n6-arene)Cr(CO)3 present in 
solution; for example in the case of (r|6- l ,3 ,5-mesitylene)Cr(CO)3 , Figure 2.2.2.3.I.
kobs x 10~3 s -1
[(mesitylene)Cr(CO)3] x 10— 4 mol d m -3
[(r|6- l , 3 ,5-rnesitylene)Cr(CO)3] mol dm" 3 ^obss
1.533 x 10-5 172720
5.770 x 10-5 216000
6.211 x 10-5 202831
7.764 x 10-5 190846
1.140 x lO' 4 174947
1.571 x 10‘ 4 187075
1.590 x lO' 4 202831
1.621 x 10 '4 207000
Figure 2.2.2.3.1 A plot of concentration of (T|6- l , 3 ,5-mesitylene)Cr(CO)3 (mol dm'
3) against the observed rate constants (s '1) for the decay of (r|6- 1 ,3 ,5- 
mesitylene)Cr(CO)2(S) at 298K under 1.0 atmosphere of CO.
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The yield of the second transient species was reduced upon liquid pumping; 
and on continued liquid pumping this species was no longer observed on microsesond 
timescales. This was the case with all the substituted arene complexes studied. The 
oscilloscope traces recorded on laser flash photolysis of (r|6- 1,3,5- 
mesitylene)Cr(CO)3 , before and after liquid pumping of the sample solution, are
displayed in Figure 2.2.2.4.I. In Figure 2.2.2.4.1(a) the decay process is seen not to
be fully reversible under the conditions; as exemplified by the residual absorption,
whereas in Figure 2.2.2.4.1(b) the transient signal is almost baseline resolved and a
single transient species is observed. Hence, it was possible to record the spectra and 
analyse the reaction kinetics of the first observed species, the ( r | 6 - a r e n e ) C r ( C O ) 2 ( S )
species, in the absence of the second species.
2-2.2.4 Effect o f  L iau id -P um pin g on L aser Flash P hotolysis T ransient Species
Figure 2.2.2.4.1 Oscilloscope traces recorded at 290nm following the laser flash 
photolysis of (Ti6- i ,3 ,5-rnesitylene)Cr(CO)3 in cyclohexane solution; before (a) and
after (b) liquid pumping of the solution.
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The lifetimes of the solvated dicarbonyl complexes depended on the
concentration of CO and these data provided the second order rate constants for the 
reaction of the (T(6-arene)Cr(CO)3 complexes with CO, Tables 2.2.2.5.1 to 2.2.2.5.4.
The plots of observed rate constant versus [CO] were typically linear with negligible
intercepts, Figure 2.2.2.5.1, indicating that under these conditions no other reactions
contributed significantly to the decay of the dicarbonyl species; the sole exception 
being (n6- l ,3 ,6-mesitylene)Cr(CO)3 which exhibits a significant intercept of 3.6 x
lO4 s '1, possibly attributed to the effect of solvent impurities on the reaction. The 
results are summarised in Table 2.2.2.5.5 for a range of arene derivatives.
Table 2.2.2.5.1 The observed rate constants for the reaction of CO with (T |° -  
toluene)Cr(CO)2(cyclohexane) at differing CO concentrations (mol dm"3) at 298K, 
[(r)6-toluene)Cr(CO)3] = 3.12 x 10' 4 mol dm*3.
2.2 .2 .5  R eaction o f  M ethvl-Substituted  (n6-arene)Cr(COV>(S) Species w ith CO
[CO] mol dm' 3 ^obs s ^
0.000 2035
0.006 37141
0.012 89501
k[co] = 7.3 x 106 ± 0.8 x 10^ dm3 mol' 1 s' 1 
Intercept = -841 ± 7044 s' 1
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Table 2.2.2.5.2 The observed rate constants for the reaction of CO with (r|6-p- 
xylene)Cr(CO)2(cyclohexane) at differing CO concentrations (mol dm“3) at 298K, 
[(r|6-p-xylene)Cr(CO)3 = 1.56 x 10' 4 mol dm'3-
[COl mol dm' 3 ^obs s ^
0.003 25400
0.006 49700
0.009 65900
0.012 98800
k[co] = 7.9 x 106 ± 0.7 x 10^ dm3 mol' 1 s' 1
Intercept = -850 ± 4962 s' 1 
Corr. Coeff. = 0.991
Table 2.2.2.5.3 The observed rate constants for the reaction of CO with ( t^ -  1,3,5- 
mesitylene)Cr(CO)2(cyclohexane) at differing CO concentrations (mol dm'3) at 
298K, [(Ti6- i ,3 ,5-mesitylene)Cr(CO)3] = 7.76 x 10'5 mol dm*3.
[CO] mol dm' 3 ^obs s
0.006 113377
0.009 152477
0.012 190846
k[c0] = 1-3 x 107 ± 0.7 x 105 ¿,^3 mol' 1 s' 1 
Intercept = -36030 ± 299 s' 1
86
Table 2.2.2.5.4 The observed rate constants for the reaction of CO with 
C6M e6)Cr(CO)2(cyclohexane) at differing CO concentrations (mol dm*3) at 298K, 
[(T|6-C6H 6)Cr(CO)3] = 3.95 x 10"4 mol dm*3.
[COl mol dm"3 ^obss’ ^
0.003 29300
0.006 65000
0.009 92400
0.012 140000
k[co] = 1*2 x 107 ± 0.9 x 106 dm3 mol-1 s' 1
Intercept = -8200 ± 6165 s' 1 
Corr. Coeff. =  0.994
kobs x !C~3 s-1
0 0.002 0.004 0.006 0.008  0.01 0.012 0.014
[CO] m o l d m - 3
Figure 2.2.2.5.1 Second order plots of the observed rate constants for the decay of 
(T|6-arene)Cr(CO)2(cyclohexane) complexes at differing concentrations of CO (mol
dm’ 3) at 298K.
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T ab le 2 .2 .2 .5 .5  A summary o f the second order rate constants for the reaction o f CO
with (Ti6-arene)Cr(CO)2(cyclohexane) com plexes at 298K . ^Reference 23.
rj^-Arene k2 dm3 mol' 1 s' 1
P-Fluorobenzenea 2.4 x 106 ± 0 . 3 x  106
Chlorobenzenea 4.3 x 106 ± 0.5 x 106
Benzene 6.7 x 106 ± 0.6 x 106
Toluene 7 . 3 x l 0 6 ± 0 . 8 x  106
P-Xylene 7.9 x 106 ± 0.7 x 106
1,3,5-Mesitylene 1.3 x 107 ± 0.7 x 105
C6Me6 1.2 x 107 ± 0 . 9 x  106
C6Et6a 4.4 x 107 ± 5.0 x 106
It is seen that the second order rate constant for the reaction 
(Ti6-C6R6)Cr(CO)2(S) + C O  > 0i6-C6R6)Cr(CO)3 (2.2.2.5.1)
exhibits a general increase with increasing number of alkyl substituents. The results 
show that substitution on the arene ring increases the reactivity of the (t|6- 
arene)Cr(CO)2(S) intermediate towards CO. The origin of this effect would appear to
be the result of steric, rather than electronic, factors, as increasing the number of
methyl substituents on the arene ring should reduce the electron deficient nature of 
the metal atom and stabilise the (T|6-arene)Cr(CO)2(S) intermediate, rather than
destabilise it as observed here. Included for comparison are the second order rate
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constants for the reaction of a selection of halogenated and ethyl-substituted (t^ -  
arene)Cr(CO)2(S) complexes with CO[23]. The observed trend is maintained for
these complexes; the strongly electron withdrawing effect of the halogen group 
increases the lifetime of the 0i 6-arene)Cr(CO)2(S) species, while the (n^- 
CgEt^)Cr(CO)2(S) species is much shorter-lived and therefore more reactive towards
CO.
The rate constant for the reaction of (r|6-C6Me6)Cr(CO)3 with CO is nearly
twice that of the benzene complex. This is consistent with previous observations by 
M . Poliakoff et. al. for the analogous (n ^ ^ I^ M n tC O ^ C S )  and (t|5- 
C5Me5)Mn(CO)2(S) systems[24]. In both cases the rate constants of the fully methyl
substituted complex are approximately twice that of the non-substituted complex in 
their respective solvent; Table 2.2.2.5.6. The second order rate constants are faster in 
the case of (r|6-arene)Cr(CO)3 than those of the analagous (T|5-C5R5)Mn(CO)3
system, indicating that the (r|6-C6H5)Cr(CO)2(S) intermediates are less stable, and
therefore more reactive, than their manganese analogues. A more exact comparison 
between the two systems would require the acquisition of all rate data in identical 
solvents, as it has already been shown that rate constants are dependant on the nature 
of the solvent used.
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T able 2 .2 .2 .5 .6  A comparison of the second order rate constants for the reaction of
(T|5-C5R5)M n(CO)2(S) and (r^-C gH ^C riC O ^C S) with CO at 298K . a Reference 24.
complex R k2 (x lO^) dm3 mol-1 s' 1 Solvent
(Ti5-C5R5)Mn(CO)2(S) H 0.81 n-heptane
Me 1.60
(Ti6-C6H6)Cr(CO)2(S)« H 6.70 cyclohexane
Me 12.00
2.2.2.6 UV/vis Difference Spectra of Methvl Substituted (n6-arene)Cr(CO)?(S) 
Photoproduets
UV/vis difference spectra of the Cn6-arene)Cr(CO)2(S) transient species were 
recorded for all the methyl substituted complexes. The difference spectra, given in 
Figures 2.2.2.6.1 and 2.2.2.6.2, are very similar for all complexes. In all cases the 
negative band at 320-330nm corresponds to depletion of the parent (T]6- 
arene)Cr(CO)3 absorption at 315-325nm and an absorption maximum is observed in
the 'window' of the parent spectrum at 280-290nm. The absorption in the visible 
region of all spectra is very weak and featureless, again emphasising the importance 
of monitoring these systems in the U V  region rather than the visible region. The 
photochemical reactions were completely reversible as exemplified by the return of 
the transient absorptions to the baseline level. In all cases the spectra were recorded at 
low parent (r|6-arene)Cr(CO)3 concentration to reduce the possibility of secondary
photochemical reactions occuring.
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Absorbance
Wavelength (nm)
Figure 2.2.2.6.1 UV/vis difference spectra of (T|6-toluene)Cr(CO)2(S) and Ol^-p- 
xylene)Cr(CO)2(S) obtained at l|is after the laser pulse in cyclohexane solution under
1.0 atmosphere of CO.
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Absorbance
Wavelength (nm)
Figure 2.2.2.6.2 UV/vis difference spectra of (ri^ -ii3 ,5-mesitylene)Cr(CO)2(S) and 
(Ti6-C6Me6)Cr(CO)2(S) obtained at l|_is after the laser pulse in cyclohexane solution
under 1.0 atmosphere of CO.
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spectrum where both the parent and the photoproduct absorb strongly. Differences are 
evident in the spectra of the parent (r|6-arene)Cr(CO)3 complexes in the 230-260nm
region, attributed to the M  — >7t*CO transition. However, these occur outside the
current wavelength range of analysis; 270-600nm. It is readily apparent that the 
spectra of the (T|6-arene)Cr(CO)2(S) species recorded are almost 'mirror images' of
the spectra of the parent complex as the apparent absorption maximum for a transient 
species occurs in the 'valley' of the absorption profile of the parent complex. Given 
these similarities, it would be impossible to distinguish or identify an unknown (r|6- 
arene)Cr(CO)2(S) complex based on its absorption characteristics alone; a
comparison of the reaction kinetics at its absorption maximum would be necessary. 
This contrasts with the vibrational spectra of these complexes, which exhibit slight, 
but characteristic, shifts in the absorption peaks of the parent tricarbonyl complexes. 
TRIR  spectra would be expected to give unique absorption bands for each (r|6- 
arene)Cr(CO)2(S) complex well resolved from the relevant parent bands.
Identification of the reactive intermediate can easily be achieved in this case from its 
spectral characteristics alone, with use of the complementary kinetic analysis for 
verification.
These spectra highlight the limitations o f flash photolysis in regions o f the
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2.2.2.7 Effect of Power of Laser on Concentration of (n6-arene)Cr(CC»7(S) 
Sneeies
In order to eliminate the possibility that the production of the (r|6- 
arene)Cr(CO)2(S) species were the result of multiple photon excitation of the parent
tricarbonyls, experiments were conducted in which the energy of the laser pulse was 
varied. The absorbance of the primary photoproducts were found to vary linearly with 
laser power; indicating that the production of these species occured by means of a 
single photon event. A linear dépendance was observed in the case of all (n °- 
arene)Cr(CO)2(S) species, Figure 2.2.2.7.I.
0.2 
0 . 15  
0.1 
0 .05  
0
250  3 0 0  3 5 0  4 0 0  4 5 0  5 0 0  5 5 0  6 0 0  650  700  750 8 0 0
App l ied  Vo l tage  (V)
Figure 2.2.2.7.1 Plot showing the variation in absorbance of the (r|6- 
arene)Cr(CO)2(S) species with relative laser power. The absorbances are recorded
lfis after the laser flash.
APsorPance
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2.2.2.8 A Study of the Activation Parameters for the R eaction of Methvl 
Substituted (n6-arene)Cr(CO b(S) Species with CO
Activation parameters for the reaction of (T|6-arene)Cr(CO)2(S) with CO were 
determined from Arrhenius and Eyring plots giving the temperature dépendance of 
the reaction between 280 and 313K. The results are detailed in Tables 2.2.2.8.1 to
2.2.2.8.4 and illustrated graphically in Figures 2.2.2.8.1 to 2.2.2.8.4.
Table 2.2.2.8.1 (a) Experimental data for the determination of the energy, entropy, 
and enthalpy of activation for the reaction of (T|6-toluene)Cr(CO)2(S) with CO; [(r]6-
toluene)Cr(CO)3] = 1.0 x 10' 4 mol dm' 3 and [CO]= 1.2 x 10'2 mol dm"3.
1/T (x 103) Ln(kobs/[CO]) Ln((kobs/[CO])/T)
3.56 15.32 9.68
3.47 15.45 9.79
3.41 15.66 9.98
3.36 15.88 10.18
3.33 15.97 10.27
3.29 16.06 10.35
3.25 16.19 10.46
3.21 16.31 10.56
Arrhenius Plot E.YriQg Plot Activation Parameters
Slope =-2978 ± 137 Slope = -2686 ±140 Ea = 25 ±  1 kJ mol' 1
Int. = 25.86 ±  0.04 Int. = 19.18 ±  0.04 A H * = 22 ± 1 kJ mol' 1
Corr. Coeff. =  0.994 Corr. Coeff. = 0.992 AS* = -38 ± 20 J mol' 1 K ' 1
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Table 2.2.2.8.1 (b) Experimental data for the determination of the energy, entropy, 
and enthalpy of activation for the reaction of (r|6-toluene)Cr(CO)2(S) with CO; [(t^ -
toluene)Cr(CO)3] = 1.6 x 10' 4 mol dm' 3 and [CO]= 1.2 x 10'2 mol dm-3.
i r r  (x io 3) Ln(kobs/[CO!) Ln((kobs/[CO])/T)
3.56 15.23 9.59
3.50 15.42 9.76
3.44 15.55 9.88
3.39 15.72 10.04
3.34 15.85 10.15
3.32 15.98 10.28
3.27 16.11 10.38
3.22 16.26 10.52
Arrhenius PlQt E.Y.ring PlQt Activation Parameters
Slope =-3086 ± 83 Slope =-2791 ±  81 Ea = 26 ± 1 kJ mol’ 1
Int. = 26.19 ± 0.02 Int. = 19.51 ±  0.02 A H * = 23 ± 1 kJ mol"1
Corr. Coeff. = 0.998 Corr. Coeff. = 0.997 AS* = -35 ±  20 J mol-1 K ' 1
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Table 2,2,2,8,2 la ) Experimental data for the determination of the energy, entropy 
and enthalpy of activation for the reaction of ('n^-p-xylene)Cr(CO)2(S) with CO;
[(ri6-p-xylene)Cr(CO)3] = 4.4 x 10'^ mol dm' 3 and [CO]= 1.2  x 10'^ mol dm*3.
1/T (x 103) Ln(kobs/[CO]) Ln((kobs/[CO])/T)
3.46 15.59 9.68
3.44 15.70 9.79
3.39 15.82 9.98
3.32 15.93 10.18
3.24 16.26 10.27
3.19 16.47 10.35
Arrhenius Plot Evring Plot Activation Parameters
Slope =-3075 ± 206 Slope =-2772 ± 204 Ea = 26 ±  2 kJ mol*1
Int. = 26.23 ± 0.05 Int. = 19.52 ±  0.05 A H * = 23 ± 2 kJ mol-1
Corr. Coeff. = 0.991 Corr. Coeff. = 0.989 AS* = -35 ± 20 J mol’ 1 K ' 1
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Table 2.2.2.8.2 (b) Experimental data for the determination of the energy, entropy 
and enthalpy of activation for the reaction of (n6-p-xylene)Cr(CO)2(S) with CO; 
[0 l6-p-xylene)Cr(CO)3] = 1.6 x 10' 4 mol dm' 3 and [CO]= 1.2 x 10' 2 mol dm '3.
i n ’ (x io 3) Ln(kobs/[CO]) Ln((kobs/[CO ])/T)
3.47 15.48 9.82
3.38 15.86 10.17
3.32 15.94 10.23
3.27 16.17 10.54
3.22 16.38 10.64
Arrhenius Plot Evring Plot Activation Parameters
Slope =-3030 ± 236 Slope =-2732 ± 235 Ea = 25 ±  2 kJ mol-1
Int. = 26.08 ±  0.05 Int. = 19.38 ± 0.05 A H * = 23 ±  2 kJ mol' 1
Corr. Coeff. = 0.991 Corr. Coeff. = 0.989 AS* = -36 ± 20 J mol' 1 K *1
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Table 2.2.2.8.3 (a) Experimental data for the determination of the energy, entropy 
and enthalpy of activation for the reaction of (n6- i ,3 ,5-niesitylene)Cr(CO)2(S) with 
CO; [(Ti6- i ,3 ,5-mesitylene)Cr(CO)3] = 5.6 x 10"4 mol dm"3 and [CO] = 1.2 x 10'2
mol dm-3.
1/T (x 103) Ln(kobs/[CO]) Ln((kobs/[CO])/T)
3.55 15.87 10.23
3.48 16.04 10.38
3.41 16.19 10.51
3.36 16.29 10.59
3.31 16.49 10.78
3.28 16.73 11.0 1
3.23 16.83 11 .10
3.21 16.92 11.17
Arrhenius P>Qt Eyrins Plot Activation Parameters
Slope = -3164 ±211 Slope =-2868 ±  210 Ea= 26 ±  2 kJ mol’ 1
Int. = 27.03 ±  0.07 Int. = 20.34 ±  0.07 A H * = 24 ±  2 kJ mol' 1
Corr. Coeff. = 0.987 Corr. Coeff. = 0.984 AS* = -29 ± 2 0  J mol' 1 K ' 1
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m ol dm '3 .
Table 2.2.2.S.3 (b) Experimental data for the determination of the energy, entropy
and enthalpy of activation for the reaction of (r|6- i )3>5-mesitylene)Cr(CO)2(S) with
CO; [(Ti6- l ,3,5-mesitylene)Cr(CO)3] = 1.5 x 10' 4 mol dm' 3 and [CO] = 1.2 x 10' 2
1/T ( x 103) Ln(kobs/[CO ]) Ln((kobs/[C O ])/T)
3.56 16.13 10.49
3.51 16.25 10.60
3.46 16.36 10.71
3.41 16.54 10.86
3.38 16.60 10.91
3.32 16.77 11.07
3.28 16.94 11.22
Arrhenius. Plot E Y r i n g  FlQt A ctivation P aram eters
Slope = -2 8 7 2  ±  93 Slope = -2 5 7 8  ±  91 Ea = 2 4 ±  1 k J m o l'1
Int. = 26.33 ± 0.02 Int. = 19.65 ± 0.02 AH*=21 ±  1 kJ m o l'1
Corr. Coeff. = 0.998 Corr. Coeff. = 0.997 A S* = -34 ±  20 J m o l'1 K '1
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Table 2.2.2.8.4 (a) Experimental data for the determination of the energy, entropy
and enthalpy of activation for the reaction of (T|6-C6Me6)Cr(CO)2(S) with CO; [(r^-
C6Me6)Cr(CO)3] = 1.1 x 10*4 mol dm' 3 and [CO] = 1.2 x 10‘ 2 mol dm'3.
1/T (x 103) Ln(kobs/[C O ]) Ln((kobs/[CO ])/T)
3.57 15.47 9.83
3.50 15.66 10.01
3.46 15.81 10.14
3.42 15.98 10.30
3.37 16.09 10.40
3.34 16.20 10.50
3.30 16.34 10.62
A rrhenius Plot Eyrjng piQt Activation Param eters
Slope = -3258 ± 8 1  Slope = -2 9 6 6  ± 81 Ea = 27 ±  2 kJ m ol' 1
Int. = 27.08 ± 0.02 Int. =  20.41 ± 0 .02 AH?* = 25 ±  2 kJ m ol' 1
Corr. Coeff. =  0.998 Corr. Coeff. = 0.998 AS^ = -28 ±  20 J m ol' 1 K ' 1
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C6M e6)Cr(CO)3] = 8.2 x 10'^ mol dm '3 and [CO] = 1.2 x 10'2 m ol dm '3 .
Table 2.2.2.8.4 (b) Experimental data for the determination of the energy, entropy
and enthalpy of activation for the reaction of (r^-C^Me^CrCCO^S) with CO; [(r|6-
1/T (x 103) Ln(kobs/[C O ]) Ln((kobs/[C O ])/T)
3.53 15.61 9.97
3.46 15.71 10.05
3.41 15.94 10.26
3.35 16.16 10.42
3.32 15.32 10.61
3.29 16.40 10.68
3.25 16.45 10.72
3.19 16.63 10.88
Arrhemus PlQl Eyripg plot Activation P aram eters
Slope = -3190 ± 1 8 9  Slope = -2 8 9 2  ±  190 Ea = 27 ±  2  kJ m o l'1
Int. = 26.83 ±  0.06 Int. = 20.13 ± 0.06 AH* = 24  ±  2 kJ m o l'1
Corr. Coeff. = 0.990 Corr. Coeff. = 0.988 AS?  =  -30 ±  20 J m o l'1 K ' 1
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Ln(kobs/(CO))
1/T x 10~-3
L n ( ( k o b s / ( C O ) ) / T )
1/T x 10"-3
Eigurg 2.2.2.8.1 Arrhenius (a) and Eyring (b) plots for the reaction of (ri6-
toluene)Cr(CO)2(S) with CO.
103
Ln(kobs/(CO))
1/T x lC f -3
L n ( ( k o b s / ( C O ] ) / T )
1/T x 1CT-3
Figure 2.2.2.S.2 Arrhenius (a) and Eyring (b) plots for the reaction of (n^-p-
xylene)Cr(CO)2(S) with CO.
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Ln(kobs/(CO))
1/T x 1CT-3
L n ( ( k o b s / ( C O ) ) / T )
1/T x 1CT-3
Figure 2.2.2.S.3 Arrhenius (a) and Eyring (b) plots for the reaction of (ri^-1,3,5-
mesitylene)Cr(CO)2(S) with CO.
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Ln(kobs/(CO))
1/T x 10~-3
L n ( ( k o b s / ( C O ) ) / T )
1/T x 10^-3
Figure 2.2.2.S.4 Arrhenius (a) and Eyring (b) plots for the reaction of (ri6-
C6Meg)Cr(CO)2(S) with CO.
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Table 2.2.2.8.5 A summary of the activation parameters for the reaction of Cn^ -
arene)Cr(CO)2(S) complexes with CO in cyclohexane solution. a Reference 23.
T^-Arene Ea
kJ m ol' 1
AH *  
kJ m ol"1
AS*= 
J m o l"1 K" 1
AG^
kJ
Chlorobenzene^ 25 23 -40 35
Benzene 25 23 -39 35
Toluene 26 23 -37 34
P-Xylene 26 23 -36 33
1,3,5-M esitylene 25 23 -32 33
CeM eg 27 25 -29 34
C6Et6a 24 22 -24 29
Summarised in Table 2.2.2.8.5 are the activation parameters for the reaction 
o f a series o f (T|6-arene)Cr(CO)2 (S) species with CO, giving the temperature
dépendance o f the reaction between 280 and 313K  in cyclohexane. Included for 
comparison are the values for (T|6-chlorobenzene)Cr(CO)2 (S) and ( t| 6 -
C6Et6)Cr(CO)2(S)[23]. It is note-worthy that the enthalpy o f activation for the
reaction of CO with all com plexes is constant at 25 ±  2 kJ mol"1. This may be 
compared to the reported binding energies o f cyclohexane to Cr(CO)5 o f  52 kJ m ol"1
from tim e-resolved photoacoustic measurements[21]. Assuming the interaction 
energy between Cr(CO)5 and cyclohexane is similar to that o f (ri6-arene)Cr(CO)2
and cyclohexane, it is unlikely that the dissociative loss o f solvent from (r\6-
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arene)Cr(C0 )2 (S) is implicated in the rate determining step for this reaction. The 
constant AH* among the species studied may reflect a common level o f bond
breaking in the transition state[25].
The second order rate constants for reaction of (r|6-arene)Cr(CO)2 (S)
com plexes with CO have shown that the values for CgM eg are just over tw ice that of
the benzene com plex. This variation in reaction rate is attributed mainly to variation
in activation entropy AS5*, since the AH^ values remain unchanged within
experimental error. The AS^ value for the CO recombination reaction o f each
compound is not extremely negative as expected for a purely associative reaction.
Again, these observations are consistent with an interchange mechanism for CO
binding, rather than a prior dissociation o f the solvent m olecule in the rate
determining step. The activation entropy becom es progressively less negative as the
number o f methyl substituents on the arene increases. The presence o f methyl
substituents on the arene ligand increases the electron density on the metal atom, as 
confirmed by the regular decrease in v co in the parent com plexes. Although this
would presumably have the effect o f destabilising the chromium-alkane interaction in 
the dicarbonyl species, the effect on CO binding would be less significant. This may 
be the explanation for the lack o f significant change in AH5* on methyl substitution.
A number of arguments may be proposed to explain the increase in A S^ in 
this series. One approach lies in the consideration that in the more highly exothermic 
steps it w ill be expected that the transition state will resemble reactants closely; while 
in endothermic steps the products will provide the best m odels for the transition 
state[26]. Therefore, the increasing electron density at the chromium atom in the
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series C gF^, C G ^ M e , C6H4M e2 , C g l ^ N ^ ,  CgM eg may cause the transition state
to becom e progressively later, that is more product-like. The transition state for the 
reaction o f  CO with (n 6-benzene)Cr(CO)2(S) therefore presumably consists of
solvated (T|6 -benzene)Cr(CO) 2  with little association of the CO; this is reflected in 
the less negative value for AS^. As the transition state becomes later, it consists of a
greater degree of association of the CO with the chromium centre; this is reflected in 
a decreasing of AS5*. Thus, with the (r|6 -benzene)Cr(CO) 2  reaction the larger
negative A S^ indicates a larger degree o f coordination o f the CO to the chromium in
the transition state. In an extension o f this argument, the increase in AS^ in this series
may im ply an increase in the degrees o f freedom for the m olecule in the transition 
state, consistent with greater steric constraints in the (r|6-arene)Cr(CO)2(S) com plex.
This can be taken to indicate a considerable increase in degrees o f freedom  as the 
alkane-metal distance increases. These degrees o f freedom could be associated with 
an increased m ovem ent o f the alkane fragment, which is inhibited in the (t|6- 
arene)Cr(CO)2 (S) com plex, or a reduction in the rotational freedom o f the alkyl
substituents on the arene ligand.
2 .2 .2 .9  T h e E ffect o f  A rene Substitution on the Second O bserved  Species
The second observed species on laser flash photolysis o f  (ri6-arene)Cr(CO)3 in 
cyclohexane, which has been tentatively assigned to a (ri4-Ar)Cr(C0 )3 (H2 0 ) species,
was observed in the case of all substituted arene complexes. In all cases the species
was observed not to react with parent (r|6-arene)Cr(CO)3 complex or CO, for
example in the case of (r)6- l ,3,5-mesitylene)Cr(CO)3, Figures 2.2.2.9.1 and
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2.2.2.9.2. The rate constants for the decay of this transient species under one 
atmosphere of CO are detailed in Table 2.2.2.9.1 for all the complexes studied. As the 
degree of substitution of the arene ring increases, the rate of decay of this species 
decreases slightly, indicating that the species is becoming slightly more stable as the 
number of methyl groups on the arene ring increases; in direct contrast to the 
behaviour of the (T|6 -arene)Cr(CO)2 (S) species on substitution.
A summary of the activation parameters for the complexes studied is given in
Table 2 .2 .2 .9 .2 . Activation parameters were determined for the decay o f  this species 
in the case o f (r|6-p-xylene)Cr(CO)3 and (r|6- l , 3 ,5 -m esitylene)Cr(CO )3 ; these values
are detailed in Table 2.2.2.9.3 and illustrated in Figure 2.2.2.9.3. AH5* and Ea are 
similar for all compounds studied. The slightly positive values of AS5* indicate a more
associative transition state for the production of this species than for the production of 
the (r|6 -arene)Cr(CO)2 (S) species. As with the Cn6 -arene)Cr(CO)2 (S) series studied,
the values of AS** get increasingly more positive as the degree of substitution 
increases. This increase in AS5* is more significant in the case of the impurity 
complex. If this transient species arises from a hapticity change at the arene ligand,
where the arene ligand adopts the Dewar benzene conformation, it would be expected 
that Cn^-CgMe^CriCO^ would be formed upon flash photolysis of (r|6 - 
Q)Me6 )Cr(CO)3 . Cn^-CgMegjCriCO^ is thermally stable; hence, the overall system 
would not be reversible in this case. The experimental results showed this system to
be com pletely photochemically reversible. This observation precludes the possibility  
that a com plex o f conformation (T]4 -Dewar benzene)Cr(CO)4 is being formed
although the formation of another hapticity change product is not eliminated. The
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characterisation of the following reaction; in which a complex formed by the binding 
of trace impurity levels of water regenerates the parent complex by reaction with CO. 
(Ti6 -arene)Cr(C0)2 (H2 0 ) + C O  > (Ti6 -aiene)Cr(CO)3  + H20  (2.2.2.9.1)
k o b s  x  1 0 - 3  s - 1  
3  ---------------------------------------------------------------------------------------------------------------------------- ------
2 .8  -
2.6  -
2 .4  -
2.2  -
2    ‘ 1 1  --
0 0 .0 0 3  0 . 0 0 6  0 .0 0 9  0 . 0 1 2
[CO] m o l  d m - 3
other likely consideration was that the second species is attributed to the formation of
(T|6-arene)Cr(C0 )2(H20 ). In this case the experimental findings may represent the
fCOl mol dm ' 3 ^ o b ss ^
0.003 2520
0.006 2516
0.009 2548
Figure 2.2.2.9.1 A plot of concentration of CO (mol dm'3) against the observed rate
constants (s '1) for the decay of the second observed photoproduct on laser flash 
photolysis of (,n6 -l,3 ,5 -mesitylene)Cr(CO)3  at 298K.
Ill
kobs x 10-3  s -1
4 -----------------------------------------
3  -
2 -
1 -
U -■ ■ . .......  ■ ......
0 . 1  0 . 3  0 . 5  0 . 7  0 . 9  1.1 1
[(m esitylene)C r(C 0)3] x 10~
3  1 . 5 1 . 7  1 . 9
- 4  mol d m -3
[(r|6 - l,3 ,5 -rnesitylene)Cr(CO)3 ] mol dm' 3 ^obs s ^
1.55 x 10' 5 1889
5.77 x 10' 5 2670
7.76 x 10' 5 2256
1.14 x 10' 4 1977
1.62 x 1 0 '4 1770
Figure 2.2.2.9.2 A plot of concentration of (r|6 - l,3 ,5 -mesitylene)Cr(CO) 3  (mol dm'
3) against the observed rate constants (s*1) for the decay of the second primary 
photoproduct at 298K under 1.0 atmosphere of CO.
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second transient species in cyclohexane at 298K  under 1.0 atmosphere o f CO for a 
series o f  (T]6-arene)Cr(CO)3 com plexes.
Table 2.2.2.9.1 A summary of the observed rate constants (s"1) for the decay of the
ri^-Arene ^obs s ^
Benzene 3.0 x 103
Toluene 2.2 x 103
P-Xylene 2.3 x 103
1,3,5-M esitylene 2.0 x 103
Q jM eg 1.7 x 103
T able 2 2 .2 .9 .2  A  summary o f the activation parameters for the reaction o f  the second  
transient species in cyclohexane for selected (r|6-arene)Cr(CO)3 com plexes.
T|6-Arene Ea
kJ m ol"1
AH*  
kJ m ol" 1
AS*
J m ol"1 K" 1
AG*
kJ
Benzene 57 54 +2 52
P-Xylene 54 51 +29 43
1,3,5-M esitylene 59 57 +43 44
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dm'3.
Table 2.2.2.9.3 (a) Experimental data for the determination of the energy, entropy
and enthalpy of activation for species 2; [(i 6^-p-xylene)Cr(CO)3] = 4.4 x 10‘5 mol
i / r  (X io 3) Ln(kobs) Ln(k;obs/T)
3.44 7.20 1.52
3.39 7.82 2.14
3.24 8.52 2.78
3.19 8.99 3.24
Arrhenius Plot Evring Plot Activation Parameters
Slope =-7473 ± 863 Slope =-6172 ± 863 Ea = 54 ± 8 kJ mol’1
Int. = 29.5810.18 Int. = 22.87 ± 0.18 AH* = 51 ± 8 kJ m ol’ 1
Corr. Coeff. = 0.983 Corr. Coeff. = 0.981 AS* = 29 ± 20 J m ol’ 1 K ' 1
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m ol dm '3 .
Table 2.2.2.9.3 (b) Experimental data for the determination of the energy, entropy
and enthalpy of activation for species 2; [(r|6- l ,3,5-mesitylene)Cr(CO)3] = 1.1 x 10' 4
i n ’ (x io 3) Ln(^obs) Ln(kobs^T)
3.53 6.03 0.38
3.39 6.98 1.30
3.22 8.29 2.55
A rrhenius P lot E vring P lot A ctivation P aram eters
Slope = -7109 ± 2 2 0  Slope = -6 8 0 9  ±  218 Ea = 5 9 ± 2 k J m o l - 1
Int. = 31 .12  ± 0 .0 5  Int. = 24.42  ± 0.05 A H * = 57 ±  2 kJ m ol' 1
Corr. Coeff. = 0.999 Corr. Coeff. = 0.999 A S* = 43 ±  20 J m o l'1 K ' 1
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Ln k o b s
1/T x 1CT-3 
L n ( k o b s / T )
1/T x 1CT-3
—  (Tj6-p-xylene)Cr(CO)3 —I— (r|6- i , 3 ,5-m esitylene)Cr(CO)3
Figure 2.2.2.9.3 Arrhenius (a) and Eyring (b) plots for the reaction of species 2 for
(r|6-p-xylene)Cr(CO)3 and (Ti6- i,3,5-mesitylene)Cr(CO)3.
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2.3 Secondary Photochem ical O bservations
2.3.1 P hotochem istry o f  (n6-benzene)C r(C O )?
In conditions o f low  CO concentration (i.e. experiment conducted under an 
argon atmosphere) and high parent concentration laser flash photolysis o f (r|6- 
benzene)Cr(CO)3 in cyclohexane solution revealed the presence o f further absorbing
transient species in addition to the primary photoproducts described earlier. Once 
again, the photochemical reactions observed were greatly influenced by liquid- 
pumping o f the sample solution. The experimental results obtained in both cases are 
presented.
2.3.1.1 Photochem istry in N on-L iquid Pum ped Solution
Laser flash photolysis o f a 4 .80 x 10*4 mol dm*3 solution o f (r|6- 
benzene)Cr(CO)3 in cyclohexane solution revealed the presence o f a third absorbing
transient species. The rate o f grow-in o f this species was directly dependant on the 
concentration o f CO present in solution. The second order rate constant for this 
reaction was calculated to be 7.6 x 10^ dm3 m ol*1 s*1, Figure 2.3 .1 .1 .1 . This value is 
very similar to that calculated in previous experiments for the reaction o f (r^ - 
benzene)Cr(CO)2 (S) with CO, indicating that this species may be formed by reaction
o f the solvated CO-loss product. The yield o f this species (as measured by means it's
absorption at full formation) was reduced as the CO concentration in solution
increased Table 2.3.1.1.1. The species is concluded to be a secondary photoproduct in 
the system. The rate o f decay o f this species is independant o f CO concentration; k05s
was calculated to be 20.6 s*1. The U V /vis difference spectrum o f  this species 
obtained within 3200|j.s o f the laser pulse is given in Figure 2 .3.1.1.2. A slightly
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negative band at ca. 325nm  occurs in the region o f  the M -->  arene CT band o f  the 
parent tricarbonyl compound. The transient species has a weak absorption band in the 
U V  region o f the spectrum at 280nm  and a stronger band in the visible region o f the 
spectrum at ca. 425nm.
k o b s  x 1 0 ~ 3  s - 1
[CO] m o l  d m - 3
rco i mol dm ' 3 ^obs s ^
0.006 117000
0.012 163000
k[co] = 7.6 x ± 0-8 x 106 dm3 m ol' 1 s"1 
Intercept = 7098 ± 8000 s ' 1
F igure 2.3.1.1.1 A second order plot o f  the observed rate o f formation ( s '1) o f the 
secondary photoproduct at differing CO concentrations (mol dm '3) at 298K.
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T ab le 2 .3 .1 .1 .1  The yield o f the secondary photoproduct observed on laser flash 
photolysis o f  Cn6-benzene)Cr(CO)3 at differing CO concentrations at 298K .
rco i mol dm ' 3 Absorption
0.006 8.84 x 10' 2
0.012 4 .46  x 10' 2
A bsorbance
W avelength (nm)
F igure 2 .3 .1 .1 .2  UV /vis difference spectrum o f secondary photoproduct recorded 
3200[is after the flash on photolysis o f (T|6-benzene)Cr(CO)3 in non-liquid pumped
cyclohexane solution at 298K  under 0.5 atmosphere o f CO.
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2.3 .1 .2  P hotochem istry in L iau id-P um oed  Solution
2.3.1.2.1 P relim inary E xperim ental R esults
Laser flash photolysis o f a (n 6-benzene)Cr(CO)3 sample solution degassed and
liquid pumped to a final concentration o f 4.57 x 10"4 mol dm ' 3 again revealed the 
presence o f a third absorbing transient species. The rate o f formation o f  this species 
was measured to be 1.6 x 104 s' 1 under argon atmosphere. The formation o f  this 
species was strongly suppressed on addition o f CO to the solution. H ence the 
absorption characteristics were examinable optimally under inert (argon) atmosphere. 
This species was long-lived; no decay was observed over timebases o f  less than 
200 ,000 |is  (200m s). At longer timebases any decay observed can be attributed to 
diffusion o f the photoproduct away from the detection zone; where the species 
diffuses into the surrounding solution thereby reducing the concentration o f the 
sample in the monitoring area and an apparent ’decay’ is observed. The photochemical 
system  appeared to be reversible, as U V /vis spectra monitored throughout the 
experiment showed no significant changes, indicating that the parent tricarbonyl was 
eventually regenerated.
The UV /vis difference spectrum of this transient species obtained within 60 |is
o f the laser pulse in liquid pumped cyclohexane solution under argon is given in
Figure 2.3 .1 .2 .1 .1 . Two absorption maxima are evident; a weak absorption centred at
ca. 520nm  and a stronger band centred at 280nm. A slight depletion at 340nm
indicates that there is spectral overlap o f the band centred at 280nm  with the parent
spectrum in this region. The wavelength o f maximum depletion does not coincide  
exactly with the true absorption maximum o f 325nm for (t |6-benzene)Cr(CO)3 . This
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transient spectrum differs significantly from that obtained utilising a non-liquid
pumped sample.
A b s o r b a n c e
W avelength (nm)
Figure 2 .3 .1 .2 .1 .1  U V /vis difference spectrum recorded 60 |is  fo llow ing flash 
photolysis o f a liquid pumped cyclohexane solution o f (T|6-benzene)Cr(CO)3 under
1.0 atmosphere o f argon.
The secondary photoproduct observed in liquid pumped solution appears to 
correspond to that observed by Gilbert et al. on laser flash photolysis o f  (r|6- 
benzene)Cr(CO)3 [3 (b)]. A species was observed to form which absorbed throughout 
the visible spectrum with A.max of ca. 500nm. As with the experiments performed
here, the species was strongly quenched if  the solution was saturated under 1.0 
atmosphere o f CO.
The transient absorption spectrum recorded in non-liquid-pumped cyclohexane  
solution is identical to that observed by Creaven [5(b)] in previous flash photolysis
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experiments on (r|6-benzene)Cr(CO)3 and assigned as a dinuclear r|6- 
benzene)2Cr2 (CO)5 species. The reduction in the level o f this species in solution 
subjected to a liquid-pumping procedure points to its identity as an impurity com plex 
and may indicate that the liquid pumping stage was inadequate in these previous 
experiments. The assignment o f this species as the (T|6-benzene)2Cr2 (CO)5 species in
these earlier experiments is then put in doubt. The photochemical behaviour recorded
by Creaven indicated that an additional species was perhaps present. An absorption 
centred around 510nm was noted in the U V /vis spectrum of (r|6-benzene)Cr(CO)3
follow ing flash photolysis, and this is co-incident with the absorption maximum of 
the species recorded in liquid-pumped solution.
A possible explanation for the observation o f different transient species in 
solutions o f differing dryness is that different conformational isomers o f a dinuclear 
species are formed depending on the levels o f solvent impurities present to influence 
the reaction. A trans arrangement for the arene rings in an (r|6-benzene)2Cr2 (CO)5
com plex is the less sterically crowded and would be expected to be the preferred
conformation for this species based on analagous isolable com plexes, e.g. 
(C5H 5)2Re2(CO )5[27]. It is possible that a c/i-isom er is produced in the case o f a
non-liquid pumped sample as the presence o f the water m olecule coordinated to the
dicarbonyl species may sterically hinder the formation of a /ra/w-isomer. This
unstable com plex may then reform the parent m olecule.
The secondary photoproduct observed in liquid-pumped sample solution is most 
plausibly assigned to the dinuclear species ('n6-benzene)Cr(CO)2 (M.-CO)Cr(CO)2(Tl^-
benzene) formed by reaction of the solvated dicarbonyl photoproduct with parent
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ArCr(CO)2(S) +  ArCr(CO)3  >  Ar2Cr2 (CO)5
CpMn(CO) 3  > CpMn(CO)2 + CO
CpMn(CO)2 +  S  > CpMn(CO)2 (S)
CpMn(CO)2(S) + CpMn(CO)3  > Cp2Mn2 (CO)5
(where Ar = rj^-arene and Cp =  T15-C5H5)
A similar dimérisation reaction was observed upon flash photolysis o f Cr(CO)g in 
perfluoro solvents, where the Cr(CO>5 photoproduct reacted with parent, presumably 
to form Cr2 (C O )u [2 (b)]. The formation o f dinuclear species is not uncommon and 
has also been reported in the (T|5-C5H 5)C o(C O )2[28] and CpV(CO)4[29] systems. 
Rest et al. observed (r|6-benzene)2Cr2 (CO)5 fo llow ing photolysis o f (r|6- 
benzene)Cr(CO)3 in nujol matrices at 77K [10(b)]. The proposed dinuclear species
may contribute significantly to the long-lived absorption at 280nm , as it appears from  
the difference U V /vis spectrum that it's extinction coefficient is much higher at this 
wavelength than in the visible region o f the spectrum. In conditions o f high parent 
concentration and low CO concentration the formation o f this species would be 
favoured.
tricarbonyl, reaction 2.3.1.2.1.1. Similarly, (Tl5-C5H5)Mn(CO)3 is known to form
(rj5-C5H5)2Mn2(CO)5 following photolysis in hydrocarbon solution at ambient
temperatures[5(a)], reactions 2.3.1.2.1.2 to 2.3.1.2.1.4.
(2 .3 .1 .2 .1 .1)
(2 .3 .1 .2 .1 .2)
(2 .3 .1 .2 .1 .3)
(2 .3 .1 .2 .1 .4)
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The rate o f grow-in o f the secondary photoproduct in liquid-pumped 
cyclohexane solution was measured as a function o f parent concentration. A linear 
dependance was apparent, Table 2 .3 .I .2 .2 .I . A plot o f k0bs versus parent
concentration is shown in Figure 2.3.1 .2 .2 .1 . The slope o f the line, which passes
through the origin, gives a second order rate constant of 4.9 x 107 mol' 1 dm3 s' 1 for 
the reaction of (Ti6-benzene)Cr(CO)2(S) with (T|6-benzene)Cr(CO)3 at 298K . It is
note-worthy that the rate constant for the reaction o f (T|6-benzene)Cr(CO)2 (S) with
CO is smaller than that for the formation of (n 6-benzene)2Cr2 (CO)5 . Similar
behaviour was observed for the (r|5 -C5H5)M n(CO)3 system [5(a)].
A study o f the dependance of the formation o f the dinuclear species on the 
concentration o f (r|6-benzene)Cr(CO)3 was conducted in earlier experiments by
Creaven[5(b)]. This study was rather subjective as the kinetic traces deviated from  
first-order over longer timescales, consequently a degree o f error was incurred in the 
positioning o f the baseline. In the study reported here the kinetic traces follow ed  
psuedo-first order kinetics involving no subjectivity in the positioning o f  the baseline. 
This difference is perhaps reflected in the intercept o f both studies; a significant non­
zero intercept was calculated in the previous study, whereas the line plotted in Figure
2.3.1.2.2.1 effectively passes through the origin.
It was observed during the course o f this experiment that the rate o f grow-in o f  
the dinuclear species was directly affected by liquid-pumping o f the sample solution. 
A sample was prepared for analysis in which the liquid-pumping stage was omitted. 
The rate o f grow-in o f the dinuclear species was faster than predicted in the case of
2.3.1.2.2 Effect of Variations in Parent (n6-benzene)Cr(COH Concentration
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regression for the remaining points. This experiment demonstrates the reactivity of 
the primary photoproduct, (T|6-benzene)Cr(CO)2 (S), towards impurities (H2O)
present in solution thereby illustrating that a number o f reaction pathways are present
for consumption of this primary photoproduct. Impurity species may com pete with 
the parent com plex for reaction with the (r|6-benzene)Cr(CO)2 (S), with a consequent
acceleration in the rate o f disappearance o f the (ri6-benzene)Cr(CO)2 (S) 
intermediate.
this non-liquid-pumped sample. This point is shown on Figure 2.3.1.2.2.1 for
comparison; it is seen to lie at a distance from the best-fit line calculated by linear
k o b s  x 1CT3 s-1
( ( b e n z e n e ) C r ( C O ) 3 )  x 1CT-4 m o l  d m - 3
F igure 2 .3 .1.2.2.1 A plot o f the the observed rate constants ( s '1) for the formation of 
the secondary photoproduct at differing concentrations o f (r|6-benzene)Cr(CO)3 (mol
dm '3) at 298K.
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T ab le 2 .3 .1 .2 .2 .1  The observed rate constants ( s '1) for the formation o f  the secondary 
photoproduct at differing concentrations o f (n 6-benzene)Cr(CO)3 (m ol dm '3) at
298K . a non liquid-pumped sample.
[(ri6-benzene)Cr(CO)3)], mol dm ' 3 ^obs’ s
1.14 x 10' 4 5506
1.64 x 10' 4 7650
2.51 x 10' 4 11259
2.71 x 10' 4 20943a
3.05 x 10' 4 15006
3.58 x 10' 4 18802
4.54  x 10' 4 21897
5.47 x 10' 4 26705
6.49 x 10' 4 30839
k[(r]6-benzene)Cr(CO)3)] = slope = 4.9 x 107 ±  1.5 x 10^ dm3 m ol-1 s"1
Intercept = -7.46 ± 754.81 s ' 1 
Corr. Coeff. = 0.997
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2.3 .1 .2 .3  P relim inary TR IR  Studies on D inuelear Species Form ation
The TRIR spectrum from 1730 to 1997cm '1 obtained within lOpts fo llow ing the 
laser flash photolysis o f a 4.1 x 10' 4 mol dm ' 3 solution of (T|6-benzene)Cr(CO)3 in
n-heptane under 2.0 atmospheres of argon is displayed in Figure 2 .3 .1 .2 .3 .1 . The two
negative peaks at 1984cm '1 and 1916cm '1 represent the depletion o f the parent
absorption bands. The two positive peaks at 1929cm '1 and 1877cm '1 correspond to 
the production of the primary photoproduct (r|6-benzene)Cr(CO)2 (S). The parent
absorptions are only partially regenerated, Figure 2.3 .1 .2 .3 .2 , the rate o f  which  
corresponds to the rate o f (n 6-benzene)Cr(CO)2 (S) decay; k0bs = 3.13 x 104 s ' 1.
The TRIR spectrum from 1730 to 1997cm '1 obtained 500 |is  fo llow ing the laser 
flash photolysis o f (r|6-benzene)Cr(CO)3 in n-heptane under 2.0 atmospheres o f
argon is displayed in Figure 2.3.1.2.3.3. The two negative peaks at 1986 and 1919cm ' 
^  attributed to depletion o f the parent absorptions, are still apparent. Numerous 
positive peaks arising from the production o f photoproducts are observable in this 
spectrum; the assignment o f which are complicated by the number o f bands and 
spectral overlap o f peaks. The parent and photoproduct absorbances in this spectrum  
are ’off-scale’; if  properly scaled many weak ’photoproduct’ absorptions would be 
reduced to background noise and baseline variations. The species exhibiting positive  
bands centred at 1946cm '1(s) and 1903cm _1(s) and 1795cm '1(w) is seen to grow-in 
from the carbonyl-loss product, (T|6-benzene)Cr(CO)2 (S). The rate o f formation was
measured as 3.6 x 104 s ' 1. This species is long-lived; no decay was observed over a 
tim escale o f 2ms. A second transient species observable at 1895cm '1 (denoted by V
in Figure 2.3.1.2.3.3) is formed at a faster rate than the decay of the carbonyl-loss
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It is readily apparent from this spectrum that the number o f carbonyl bands are 
too numerous to be attributed to a single species. It would appear that there are 
several bands in the bridging carbonyl region o f the spectrum, suggesting that more 
than one species with bndging carbonyl groups is present. The carbonyl stretching 
frequencies assigned to (Ti^-benzene)2Cr2 (CO)5 by Rest et al in nujol matrices at
77K  were detected at 1989, 1937, 1885 and 1778cm"1, with a fifth band in the region 
1920-1935cm 'l obscured by other spectral bandsf 10(b)] It is possible that the 1946, 
1903 and 1795cm"1 bands detected in this experiment correspond to the 1937, 1885 
and 1778cm"1 absorptions o f  this species; representing a shift o f lO -H cm ' 1 to higher 
wavenumber (l e. lower energy) on the band positions observed in matrix 
experiments. The intermediate peaks at 1946, 1903 and 1795cm" 1 are then tentatively 
assigned to the formation o f a (Ti^-benzene)2Cr2(CO)5 species. The remaining
intense intermediate peak at 1827cm"1 cannot possibly result from this species, as a 
shift o f  ca 50cm"1 on the 1778cm"1 peak observed in matrix results is not plausible. 
Furthermore, this peak cannot then be conclusively attributed to the absorptions 
o f  a bndging carbonyl group as it is just within the acceptable wavenumber range 
This experiment has since been repeated; the TRIR spectrum obtained withm  
20 |is  after the laser pulse under 2 0 atmospheres o f argon is given m Figure 
2 3 1 2.3 4[30] The essential features o f this spectrum are identical to that in Figure
2.3.1 2 3 3 ,  given that the previous spectrum is incorrectly scaled, l e depletion o f
carbonyl-loss product and is only relatively long-lived in comparison to the lifetime
of the first species. The assignment of further bands to this species is complicated by
spectral overlap of bands
1 2 8
the parent absorptions is evident at 1986 and 1920cm '1 and three intense 
photoproduct bands are observed at 1945 ,1895  and 1828cm"1
These experiments would seem  to corroborate the observation o f  more than one 
dinuclear species in laser flash photolysis expenm ents on ( r | 6 - b e n z e n e ) C r ( C O ) 3 .  It is
possible that one species remained unobserved by Rest et al in the single reported 
m atnx isolation experiment in which the formation o f  0l  6-benzene)2Cr2(CO)5 was
noted[10(b)]. It is also possible that the same species is not observed on photolysis in 
room temperature solution as is observed in low-temperature matrices. In matnx 
isolation expenm ents the photochemical products are trapped in the ng id  m atnx and 
effectively prevented from undergoing further reaction, while in room temperature 
solution subsequent reactions may occur to produce the species detected in these laser 
flash photolysis and TRIR expenm ents
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Figure 2.3.1.2.3.1 Tim e resolved infrared spectrum obtained 10|is after laser 
photolysis o f  (n 6-benzene)Cr(CO)3 in n-heptane solution under 2 0 atmospheres o f
argon at 303K .
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Figure 2.3.1.2.3.2 Time resolved infrared transient signal recorded at 1984cm '1 
fo llow ing laser flash photolysis o f Cn6-benzene)Cr(CO)3 in n-heptane solution under
2 0 atmospheres o f  argon showing partial regeneration o f  the parent absorption
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F igure 2 .3 .1 .2 .3 .3  Time resolved infrared spectrum obtained 500 |is  after laser 
photolysis o f  (r|6-benzene)Cr(CO)3 m n-heptane solution under 2.0 atmospheres o f
argon at 303K.
132
1947 1895 1828
WAVENUMBER
F igure 2 .3 .1 .2 .3 .4  Tim e resolved infrared spectrum obtained within 20p.s o f laser 
flash photolysis o f (r|^-benzene)Cr(CO)3 m n-heptane solution under 2 .0  atmospheres
o f argon[30]
2.3.2 Photochem istry of Methyl Substituted (n6-arene)Cr(CO )3 Compounds
Expenm ents were conducted to determine if  the senes o f methyl substituted 
(r|6-arene)Cr(CO)3 com plexes underwent reactions resulting in the formation o f
dinuclear species. Stenc constraints may influence the formation o f dinuclear species 
in this case as the arene ligand is increasing in size with increased methylation The 
availability o f metal orbitals, both m sufficient number and o f the correct orientation 
for the formation o f bridging carbonyl ligands is not expected to differ markedly in 
any o f  these com plexes and is not a major factor for consideration in these reactions. 
These investigations were earned out for the most part at high concentration o f  
parent, when the propensity for formation o f a dinuclear com plex is high These
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experiments were typically conducted under argon atmosphere to eliminate the 
possibility of competing reactions of the primary photoproducts with the CO ligand to 
regenerate the parent complex
2.3.2.1 Photochem istry in N on-Liquid Pumped Solution
Experimental results obtained on the photochemistry of substituted (T]6 - 
arene)Cr(CO) 3  complexes in non liquid-pumped cyclohexane revealed similar
behaviour to that of the unsubstitued case The UV/vis spectra generated following 
laser flash photolysis of a 1 8  x 1 0 ' 4  mol dm ' 3  solution of ('n^-p-xylene)Cr(CO) 3  in
non liquid-pumped cyclohexane under 0 5atm CO are given in Figure 2 3 2 1.1. The
initial spectrum at l(is is identical to that of the (r]6 -p-xylene)Cr(CO)2 (S) species
I
(Vnax 280nm, 330nm), indicating that any further species are generated from
this precursor The spectrum at 16|j.s has absorption maxima at 425nm and <280nm
and an absorption minimum at 330nm This spectral evidence indicates that this 
species is formed directly from the (ri^-p-xylene)Cr(CO)2 (S) species. This
conclusion is supported by the direct dependance of the rate of formation of this third 
absorbing transient species on CO concentration, Figure 2 3.2.1 2. The second order 
rate constant for this reaction is approximately the same as that for the reaction of 
(ri6 -p-xylene)Cr(CO)2 (S) with CO, both sets of values are plotted in Figure 2.3 2.1.2
for comparison The rate of decay of this species is also dependant on the 
concentration of CO in solution, suggesting that the decay of this species involves a 
reaction with CO
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Absorbance
Wavelength (nm)
Absorbance
Wavelength (nm)
Figure 2.3.2.1.1 U V /vis difference spectra generated l(is  (a) and 16p.s (b) after the
laser flash photolysis o f  (T]6-p-xylene)Cr(CO)3 under 0 5 atmosphere o f CO
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0
0 0 002  0 004  0 006  0  008  0 01 0  012 0 014
(CO) mol d m -3
[CO] k0bs (grow-in) k0bs(d ecay)
mol dm*3 s*1 s"1
0 006 1 7 x 105 1.8
0 012 2.2 x 105 3 5
k[co] (grow-m) = 7 92 x 106 ±  0 8 x 106 dm 3 m ol"1
Intercept =  1 27 x 10  ^ s ' 1
F igure 2 .3 .2 .1 .2  The observed rates o f formation and decay ( s '1) o f  the secondary 
photoproduct produced on laser flash photolysis o f (r)^-p-xylene)Cr(CO)3 at differing
CO concentrations (mol dm"3) The values for the reaction o f  (rj^-p- 
xylene)Cr(CO )2(S) with CO are plotted for comparison purposes
to b s  x 10 3 s-1
136
2-3.2.2 Photochem istry in Liquid-Pumped Solution
2.3.2.2.1 Preliminary Experimental Results
Laser flash photolysis o f liquid-pumped solutions o f  substituted (rj^- 
arene)Cr(CO)3 com plexes in cyclohexane revealed different behaviour from that
occunng in the case o f non-liquid pumped solutions; as in the case o f (r|6- 
benzene)Cr(CO)3 The most extensively studied was the (T^-CgM e^CrCCO^
com plex, the results o f which are outlined below.
Laser flash photolysis o f a liquid-pumped sample o f  a 3 8 x 10' 4 mol dm-3 
solution o f  (T]6-C6M e6)Cr(CO)3 in cyclohexane under 1.0 atmosphere o f  argon
reveals the formation o f two transient species, hereafter referred to as the third and 
fourth transient species respectively, in addition to the primary photoproducts 
described earlier U V /vis difference spectra obtained at 36(is and 170|is are given in 
Figures 2.3 2 2 1 1 and 2.3 2.2.1 2 A  spectrum o f the third transient species obtained 
at 36 |is  after the laser flash has absorption maxima at 280nm  and ~410nm  in the 
visible region; depletion o f the parent absorption at 320nm  is evident at 340nm. The 
absorption at longer wavelengths is weak This species appears to be an intermediate 
as it is fully formed within 40(is, Figure 2 3 2 2 1 3, and subsequendy decays by 
means o f a double exponential process, Figure 2.3 2 2.1 4. This process is not fully  
reversible on this tim escale, under these conditions, as exem plified by the residual 
absorption. The fourth species has an absorption maximum at 280nm  and a rather 
broad band centred at ~580nm  in the visible region, Figure 2 3 2 2 1.5 This species is 
long-lived and stable over a timebase o f <200,000|J.s
It is apparent from the difference U V /vis spectra that both species have strong
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absorptions at 290nm , in the 'valley' o f the absorption profile o f  the parent com plex. 
The (ri6-CgM e6)Cr(CO)2 (S) species was also shown to have an 'apparent' at
this wavelength. It is therefore very difficult to extract meaningful kinetic data at this 
wavelength Analysis o f the rate constants at the absorption m axima in the visible 
region, at which there is less spectral overlap, is much more effective
270 300 330 360 390 420 450 480 510 540 570 600
Wavelength (nm)
Figure 2.3.2.2.1.1 U V /vis difference spectrum o f the third transient species recorded 
at 36p.s fo llow ing flash photolysis o f a liquid pumped cyclohexane solution, o f  (r|6- 
CgM e5)Cr(CO)3 concentration 3 8 x 10' 4 m ol dm '3 , under 1.0 atmosphere o f argon.
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A b s o r b a n c e
Wavelength (nm)
Figure 2.3.2.2.1.2 U V /vis difference spectrum o f the fourth transient species 
recorded at 170|is follow ing flash photolysis o f a liquid pumped cyclohexane  
solution, o f (T^ 6-C6M e6)Cr(CO)3 concentration 3 8 x 10*4 m ol dm-3 , under 1.0
atmosphere o f argon
«x
10 us'i) i y
Figure 2.3 .2 .2 .1 .3  A transient signal obtained for the formation o f  the third absorbing 
transient species monitored at 410nm  under 1 0 atmosphere o f  argon, at a (T]6- 
CgM e6)Cr(CO)3 concentration o f  3 8 x 10' 4 mol dm "3
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Figure 2.3.2.2.1.4 A transient signal obtained for the decay o f the third absorbing 
transient species monitored at 410nm under 1 0 atmosphere o f argon at a (r|6- 
C(jMe6)Cr(CO)3 concentration of 3 8 x 10'4 m ol dm*3
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Figure 2.3.2.2.1.5 A transient signal obtained for the fourth absorbing transient 
species monitored at 580nm under 1 0 atmosphere o f argon at a (T|6-C6M e6)Cr(CO)3
concentration 3 8 x 10*4 mol dm*3
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The observed rate o f formation o f the third transient species, monitored at 
410nm , was determined to be directly dependant on the concentration o f CO present 
in solution; yielding a second order rate constant o f 1 1 x 1()7 dm3 m ol' 1 s '1; Figure 
2.3 2 .2  2 1. This value is almost identical to that obtained for the reaction o f (t^ -  
CgM e5)Cr(CO)2 (S) with CO, both series o f values are plotted in Figure 2 3.2.2.2.1
for comparison purposes. The yield o f this species decreased with increasing CO 
concentration These results indicate that this species is a secondary photoproduct 
formed by reaction o f the primary photoproduct (r|6-C6M e6)Cr(CO)2 (S) Although
the rate o f  decay o f this species did not always fit a single exponential function, an
analysis o f  the initial portion o f the decay signal revealed that it was also linearly
dependant on CO concentration, yielding a second order rate constant from the slope
o f  the line o f 2  1 x 10^ dm3 m ol' 1 s ' 1, Figure 2 3 2 2 2 2 The formation o f the 
fourth transient species, with A.max 580nm was strongly suppressed m the presence o f
CO, even under 0 25atm CO the only absorption detected at this wavelength was that 
attributed to the decay of the primary photoproduct Cn^-CgM e^CrCCO^S) which
absorbs weakly in the visible region The rate o f formation was measured as 7 7 x 103 
s"1 under argon atmosphere The rate o f formation o f this species also did not always 
fit a single exponential function, possibly on account o f spectral overlap of 
absorptions o f the third and fourth species m this region
2 3 2 .2.2 Effect of Variations in CO Concentration
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kobs x 1CT3 s-1
(CO) mol dm -3
rco i mol dm"3 ko b s s ^
0 000 38187
0 003 76227
0 006 96878
0 009 113550
0 012 153690
k[co] = 1 12  x 107 ±  0 82 x 10^ dm3 m ol' 1 s ' 1
Intercept = -26100 ±  12256 s ' 1 
Corr Coeff. =  0.997
Figure 2.3.2.2.2.1 The observed rate constants ( s '1) for the production o f  the third 
photoproduct, monitored at 410nm , on laser flash photolysis o f (T|6-C6M e6)Cr(CO)3
at differing CO concentrations (mol dm '3) at 298K  The rate constants for the 
reaction o f (C5M eg)Cr(CO)2 (S) with CO are plotted for comparison purposes.
kobs x 1CT3 s-1
40 I--------------------------
0  0  0 0 2  0  0 0 4  0  0 0 6  0  0 0 8  0  01 0  012  0  014
(CO] mol dm -3
rcoi mol dm ' 3 kobs s
0 000. 3880
0 003 9910
0 006 14100
0 009 23700
k[co] = 2.13 x 106 ± 2 5 x 10^ dm3 m ol" 1 s" 1
Intercept = 3294 ±  1693 s"1 
Corr Coeff. = 0 986
Figure 2.3.2.2.2.2 The observed rate constants ( s '1) for the decay o f the third 
photoproduct, monitored at 410nm , on laser flash photolysis o f  (r|6-C6M e6)Cr(CO)3
at differing CO concentrations (mol dm '3) at 298K
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observed rate o f formation o f both species was investigated experimentally The rate 
o f formation o f the third species displayed a linear dépendance upon (r|6- 
Q )M e6)Cr(CO)3 concentration, Table 2 3.2.2 3 1, although the correlation coefficient
o f 0 962 is very poor given the large number of points (12) used in the calculation A  
plot o f k0bs versus parent concentration is shown in Figure 2.3 2 2.3 1 The slope o f
the line gives a second order rate constant o f 5 3 x 10^ dm3 m o l'1 s '1 B y analogy 
with the (r|6-benzene)Cr(CO)3 system this value may represent the rate o f  reaction of  
(T]6-C6M e6)Cr(CO)2 (S) with parent If this result is taken as valid, despite the poor
linear regression fit, it is not dissimilar to the value o f 4 9  x 10^ dm3 m ol' 1 s' 1 
determined for the reaction of (r|6-benzene)Cr(CO)3 with its primary photoproduct
(n 6-benzene)Cr(CO)2(S) Whereas the analogous plot o f k0bs versus parent
concentration for (r|6-benzene)Cr(CO)3 passes through the ongin , the plot in the r|6-
Q jM eg case exhibits a significant and positive intercept o f  1 7 x 104 s*1
Only the first exponential decay was analysed at 410nm  N o dépendance o f the
rate o f decay o f this species on parent concentration was found; Figure 2.3 2.2.3 2. A
study o f the dépendance o f the rate o f formation of the fourth species was performed.
At higher concentrations the transient signal resolved into the individual components
o f a double exponential function, both o f which were not found to be dependant on 
parent (Ti^-C6M e6)Cr(CO)3 concentration, Figures 2.3 2 .2  3 3 to 2.3 2 2 3 4 and
2.3.2.2.3 Effect of Variations in Parent (n^-CflM e^CrfCO^ Concentration
The effect of changes in parent (T|6-C6Me6)Cr(CO)3 concentration upon the
Table 2 3 2 2 3 2 At lower concentrations the faster component of the exponential
function is not readily resolved
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Table 2.3.2.2.3.1 The observed rate constants (s'1) for the production of the third
transient species, monitored at 410nm, at varying concentrations of ( T |6 -
C6Meg)Cr(CO)3 (mol dm'3)
[(T|6-C6M e6)Cr(CO)3] m ol dm ' 3 ^obs s ^
1 27 x 10' 4 23072
1 46 x 10' 4 24206
1 56 x 10' 4 21870
1 76 x 10' 4 27137
2.72 x 10' 4 28502
3 10 x 10' 4 37512
3 66 x 10' 4 34477
3 97 x 10' 4 41092
4 6 1 x 10' 4 39435
4  7 7 x  10' 4 42532
5 63 x 10' 4 42609
6 05 x 10' 4 49814
k2 =  slope = 5 29 x 10^ ±  4.8 x 10^ dm3 m ol' 1 s ' 1 
Intercept = 16492 ±  2645 s ' 1 
Corr Coeff. = 0 962
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kobs  x 10~3 s —1
[(C6Me6)Cr(C0)3] x 10— 4 m ol d m - 3
Figure 2.3.2.2.3.1 A plot o f the observed rate o f formation o f  the third transient 
species, monitored at 410nm, against concentration o f (r(6-C6M e6)Cr(CO)3
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kobs x 1CT3 s-1
6 |----------------------------------------------------------------------------------------------------
((C6Me6)Cr(CO)3) x 1CT-4 mol  d m - 3
[(Ti6-C6M e6)Cr(CO)3] m ol dm '3 ^obs s ^
3 10 x 10'4 3329
3 66 x 10'4 3829
3 97 x 10'4 2758
4 26 x 10'4 2748
4 61 x 10-4 3246
4  77 x 10"4 2721
5 63 x 10'4 2807
F igure 2 .3 .2 .2 .3 .2  The observed rate constants ( s '1) for the decay o f the third 
transient species, monitored at 410nm , at varying concentrations o f (t|6- 
CgM e6)Cr(CO)3 (mol dm '3)
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((C6Me6)Cr(CO)3) x 1CT-4 m ol d m - 3
[(Ti6-C6M e6)Cr(CO)3] m ol dm ' 3 ^obs s
2.72  x 10' 4 23710
3 10 x 10' 4 29840
3 97 x 10' 4 29254
4 26 x 10' 4 24801
4 6 1 x 10' 4 21535
The observed rate constants ( s '1) for the first exponential function 
on analysis o f  the 'grow-in' o f the fourth transient species, monitored at 580nm , at 
varying concentrations o f  (r|6-C6M e6)Cr(CO)3 (m ol dm '3)
kobs x 10 3 s-1
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T ab le 2.3.2.2.3.2  The observed rate constants ( s '1) for the second exponential
function on analysis o f the 'grow-in' o f the fourth transient species at 580nm  at 
varying concentrations o f (T]6-C6M e6)Cr(CO)3 (m ol dm '3).
[(Ti6-C6M e6)Cr(CO)3] m ol dm ' 3 ^obs s ^
5 34 x 10' 5 6119
6 55 x 10' 5 4465
9 09 x 10' 5 4532
1 46 x 10' 4 5892
1 56 x 10' 4 6887
1 71 x 10' 4 4296
1.76 x 10' 4 5261
2 08 x 10'4 5166
2 1 2  x 10'4 5335
3 10 x 10' 4 6600
3 97 x 10' 4 5850
4 26 x 10' 4 5137
4 61 x 10' 4 6775
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kobs x 1CT3 s-1
( ( C 6 M e 6 ) C r ( C O ) 3 )  x lC f -4  m o l  d m - 3
Figure 2.3.2.2.3.4 The observed rate constants ( s '1) for the second exponential
function on analysis o f the 'grow-in' o f the fourth transient species, monitored at 
580nm , at varying concentrations o f (T(6-C6M e6)Cr(CO)3 (m ol dm '3).
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Once again, the question arises as to whether these species were generated 
consecutively or simultaneously Similarities are apparent in the rates o f  reaction of  
both species. The rate o f formation o f the third species at 410nm  is similar to the first 
'grow-m' o f  the fourth species at 580nm  Similarly, the rate o f decay o f the third 
species at 410nm  is not very dissimilar to that o f the second 'grow-in' o f the fourth 
transient species Since, in a sequential mechanism involving the reaction o f  species 
A to form species B, the rate o f consumption of species A must equal the rate o f  
formation o f species B , these results indicate that a consecutive reaction leads to the 
formation o f  the fourth species from the third The third species has also been shown 
to react with CO, k2 = 2 13 x 10^ dm3 m ol" 1 s' 1 It is not surprising then that the
formation o f  the fourth species is suppressed m the presence o f CO because o f  this 
com petitive reaction Both species absorb at 580nm, albeit weakly, hence hindering 
any analysis o f  individual rates at this wavelength As there is no region o f the 
spectrum where one species absorbs exclusively, the region at 410nm  is most 
amenable to the study o f these reaction rates by virtue o f the large difference in the 
absorption o f  both species in this region
In the analysis o f (r)6-benzene)Cr(CO)3 the secondary photoproduct observed to
absorb at 425nm  in non-liquid-pumped solution was attributed to an impurity
com plex, possibly formed by the binding o f trace amounts o f water present in the 
solvent. In the case o f (T|6-C6M e6)Cr(CO)3 this species is observed in solutions in
which the liquid-pumping stage has been both included and omitted This could imply 
that the (T|6-C5M e6)Cr(CO)3 system is more readily influenced by trace impurities
present in the solvent and that the reduced levels present on liquid-pumping are
2.3.2.2.4 A Study o f the Activation Parameters for D inuclear Species Formation
Activation parameters for the reaction o f the third and fourth observed species 
were determined to aid their identification. A ll determinations were conducted under 
an atmosphere o f argon, as the formation o f fourth species (absorbing at 580nm ) has 
been shown to be strongly suppressed by the presence o f CO in solution. Hence, 
although all species have been previously shown to react with CO, it is not necessary 
to include this factor in the calculations. A lso, as it is not certain that these species 
react with parent, the concentration o f  parent was not considered in these 
determinations. Activation parameters for the reaction o f the unidentified species 
were measured from Arrhenius and E ynng Plots over a temperature range o f  283 to 
321K  The results are detailed m Tables 2  3 2  2 .4  1 to 2 .3 .2  2 .4 .3  and illustrated 
graphically m Figures 2 3 2.2 4 1 to 2 3 2 2 .4  3.
The correlation coefficient for the analysis o f  the production o f  the third 
species is excellent, at 0 997, while the accuracies o f  the remaining determinations are 
poor. A ll kinetic traces, except those for the production o f  the third species, were 
analysed for double exponential functions, but no improvement in the linear 
regression fit to the analysis points was achieved. If it is taken that the reactions occur 
sequentially, then the values in Tables 2 .3 .2  2 .4  2 and 2 3 2 2 4.3 should relate to the 
same reaction, while it is clear that there is a large variation in these values
sufficient to greatlly influence the photochemical reactions. The results could also
indicate that the degassing procedure is ineffective in the removal of solvent
impurities, and may even introduce impurities into the solution.
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The activation entropy values, A S*, for all reactions are large and negative 
indicating an associative rate determining step, although not extremely so as expected  
for a purely associative reaction This indicates that interchange mechanisms may 
predominate in these reactions The AS*  values are more negative than those 
determined for the reaction o f (T|6-arene)Cr(CO)2 (S) species with CO, indicating a
higher level o f association m these secondary reactions The activation enthalpies for 
all reactions are also much higher than those o f the (T|6-arene)Cr(CO)2 (S) system
The activation enthalpy values are not unlike those measured for the formation o f  a 
bridging species in the flash photolysis o f  (T)5-C5H5)M n(CO)3 m which study a
value o f 30 kJ m ol' 1 was recorded[5(b)]. The values are also similar to that found for 
the low-temperature oxidative addition o f R3S1H compounds to (r|5-
C5H5)M n(CO)2 [3 (d)] Regrettably, the activation parameter data does not assist 
greatly in the differentiation o f the secondary photochem ical species from one another 
as the values determined are quite similar for all.
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and enthalpy o f  activation for the formation o f the third species, monitored at 410nm; 
[(Tl6-C6M e6)Cr(CO)3] = 4.7 x 10' 4 m ol dm ' 3
Table 2.3.2.2.4.1 (a) Experimental data for the determination of the energy, entropy
1/T (x 103) Ln(kobs) L ^ o b s /T )
3 57 10 00 4 37
3.52 10 10 4  45
3 48 10 26 4  60
3 43 10 43 4.76
3 40 10 58 4  89
3 36 10 72 5 02
3 32 10 90 5 19
Arrhgnius Plot E.Y ring PlQt Activation Parameters
Slope = -3645 ±  124 Slope = -3354 ± 1 2 3  Ea = 30 ±  1 kJ m ol’ 1
Int. =  22  96 ±  0.03 Int = 16.28 ±  0 03 AH ’6 =  28 ±  1 kJ m ol' 1
Corr C oeff = 0 997 Corr C oeff = 0 997 A S* = -62 ±  20 J m ol' 1 K ' 1
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and enthalpy o f  activation for the formation o f  the third species, monitored at 410nm; 
[(îl6-C6M e6)Cr(CO)3] = 3 1 x 10' 4 mol dm"3 .
Table 2.3.2.2.4.1 (fr) Experimental data for the determination of the energy, entropy
l /T  (x 103) ^ n(kobs) Ln(k0ijS/T)
3 54 10 05 4  41
3 48 10 39 4 72
3 43 10 51 4 83
3 38 10 73 5 04
3 33 10 91 5.20
3 28 11 03 5.31
3 24 11  28 5 54
A rrhenius P lot E m rcg  PlQt A ctivation P aram eters
Slope = -3 8 0 8  ± 178 Slope = -3 5 1 3  ±  178 Ea = 3 2 ± 2 k J m o l - 1
Int. = 23 58 ±  0 05 Int. = 16 89 ±  0 05 AH * = 29  ±  2 kJ m ol"1
Corr C oeff = 0 995 Corr C oeff =  0 .994  A S* = -57 ± 20 J m ol" 1 K" 1
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and enthalpy o f  activation for the decay o f  the third species, monitored at 410nm; 
[(Ti6-C6M e6)Cr(CO)3] = 4 7 x 10' 4 m ol dm ' 3
Tahle 2.3.2.2.4.2 fa) Experimental data for the determination of the energy, entropy
1/T (x 103) L ^ o b s ) Ln0cobs^1')
3 57 7 02 1 38
3 52 7 13 1 48
3 48 7 45 1 79
3 43 7 71 2 04
3 40 7 79 ^ 2 10
3 36 7 93 2.23
3 32 8 15 2.44
Arrhenius Plpt Evring Plot Activation Parameters
Slope = -4658 ± 3 1 6  Slope = -4 3 6 8  ±  316 Ea = 39 ±  2 kJ m ol' 1
Int. =  23 60 ±  0 07 Int. = 16 93 ±  0.07 AH * =  36 ±  2 kJ m ol' 1
Corr C oeff = 0 989 Corr C oeff = 0.987 A S* = -57 ±  20 J m ol' 1 K ' 1
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and enthalpy o f activation for the decay o f the third species, monitored at 410nm; 
[(Ti6-C6M e6)Cr(CO)3] = 3.1 x 10' 4 m ol dm ' 3
Tahle 2.3.2.2.4.2 (b) Expenmental data for the determination of the energy, entropy
1/T (x 103) Ln(kobs) ^ (^ o b s /T )
3 53 7 64 2 00
3 48 8.05 2 39
3 43 8 34 2 67
3 38 8 35 2 66
3 33 8 73 3 03
3 28 8 88 3 16
3 24 9 09 3 36
Arrhenius Plot EyjriPS PlQt Activation Parameters
Slope = -4611 ± 347 Slope = -4316 ± 3 4 8  Ea = 38 ± 3 kJ m ol' 1
Int. = 24  04 ±  0 09 Int = 17 35 ±  0.09 AH * = 36 ± 3 kJ m ol-1
Corr C oeff = 0 986 Corr. C oeff =  0 984  A S* = -53 ± 20 J m ol’ 1 K"1
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and enthalpy o f activation for the formation o f the fourth species, monitored at 
580nm; [(T|6-C6M e6)Cr(CO)3] = 4 7 x 10' 4 m ol dm ' 3
Table 2.3.2.2.4.3 fa) Experimental data for the determination of the energy, entropy
1/T (x 103) Ln(kobs) Ln(kobs^T)
3 56 8 31 2.67
3 52 8 45 2 80
3 47 8 53 2 86
3 43 8 63 2 95
3 40 8 84 3.15
3 36 9 10 3 40
3 32 9 31 3 60
A rrhenius P lot E vring P lot A ctivation Param eters
Slope = -4036 ±  433 Slope = -3745 ± 4 3 2  Ea = 34  ±  3 kJ m ol’ 1
Int =  22  60 ±  0 09 Int. = 15 93 ± 0 09 AH * = 31 ±  3 kJ m ol" 1
Corr C oeff = 0 973 Corr. C oeff = 0.968 A S* = -65 ± 20 J m ol' 1 K ' 1
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and enthalpy o f  activation for the formation o f the fourth species, monitored at 
580nm , [(Ti^-C6M e6)Cr(CO)3] = 2 8 x 10'4  m ol dm '3
Table 2.3.2.2.4.3 (b) Expenmental data for the determination of the energy, entropy
1/T (x 103) ^ n(kobs) Ln(kobs/T)
3 53 8 62 2 98
3 48 9 00 3 33
3 43 9 16 3 49
3 39 9 22 3 54
3 33 9 35 3 65
3 28 9 68 3 96
3 24 9 79 4 06
Arrhgpius PlQt Eyeing p |Qt A ctivation Param eters
Slope = -3669 ±  299 Slope = -3365 ± 2 9 9  Ea = 31 ±  3 kJ m o l'1
Int. = 21 67 ± 0  08 Int. =  14 966 ±  0 08 AH * =  28 ±  3 kJ m o l'1
Corr C oeff = 0 984 Corr C oeff = 0 981 A S* = -73 ±  20 J m o l'1 K '1
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Ln (k o b s )
1/T x 10— 3
Ln(kobs/T)
1 /T  x  1 0 — 3
Figure 2.3.2.2.4.1 Arrhenius (a) and E ynng (b) plots for the formation o f the third 
species, monitored at 410nm
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Ln(kobs)
1 / T  x  1 0 — 3
> L n ( k o b s / T )
1 / T  x  1 0 — 3
Figure 2.3.2.2.4.2. Arrhenius (a) and Eynng (b) plots for the decay of the species, 
monitored at 410nm
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Ln(kobs)
1/T x 10 —  3
Ln(kobs/T)
1/T x 10— 3
Figure 2.3.2.2.4.3 Arrhenius (a) and Eyring (b) plots for the formation of the fourth 
species, monitored at 580nm
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2.4 Summary
These experiments have demonstrated conclusively that the (t^- 
arene)Cr(CO)2(S) species is a primary photoproduct in the photochemistry of (T]6- 
arene)Cr(CO)3 TRIR studies were used for confirmation, as assignments of
photoproducts based on their spectroscopic and kinetic properties in the UV/vis 
region are rather ambiguous The nature of the recombination reaction of the (r|6- 
arene)Cr(CO)2(S) species with CO has been fully characterised. The second order
rate constant for this reaction increases as the number of methyl substituents on the 
arene ring increases, from 6 7 x 10  ^ dm3 mol' 1 s' 1 for (T]6-benzene)Cr(CO)2(S) to
1.2 x 10? dm3 mol' 1 s' 1 for (r|6-C6Hg)Cr(CO)2(S) The enthalpy of activation for
all the complexes is constant at 25 ± 2 kj mol'1, while the activation entropy becomes
gradually less negative as the degree of methylation of the arene group increases. The 
difference UV/vis absorption spectra of all (r|6-arene)Cr(CO)2(S) species are almost
identical, owing to the similarity of the parent spectra in the region of study.
In these investigations a second primary photoproduct was observed, in addition 
to the (r|6-arene)Cr(CO)2(S) species, following the irradiation of (r) -^arene)Cr(CO)3
complexes. Previous flash photolysis studies were largely confined to the visible 
region of the spectrum and this photoproduct went unobserved[3(b), 5(b)] This 
species does not react with CO suggesting that it is coordinatively saturated, while the 
results obtained on liquid pumping indicate that it is generated by reaction with an 
impurity ligand Consequently, this species may be assigned to a hapticity-change 
product, possibly of the form (ri4-arene)Cr(C0 )3(H2 0 ) The production of this
complex involves both a reaction of the metal centre with the impurity ligand and a
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conformational change at the arene group; reflected in the large enthalpy of activation 
determined for this reaction It has been proposed that r|6 to T}^  hapticity shifts may 
play a key role m substitution reactions of arene complexes[31], and may be of 
particular importance in the transition-metal-catalysed hydrogenation of arenes[32], 
but well established examples of rj -^arene complexes remain unusual[33] The 
possible observation of a (r\4-Ar)Cr(CO)3 species opens up the possibility of the
hydrogenation of benzene by use of this photochemically generated intermediate To 
date, most of the studies on the hydrogenation of dienes in the presence of group 6 
transition metal carbonyls have centred on the hydrogenation of norbomadiene[34]. 
(T]4-Ar)Cr(CO)3 compounds should resemble the (ri4-norbomadiene)M(CO)3
species, which is known to be the catalytically active species in the hydrogenation of
norbomadiene. The assignments would explain the observations of other workers m 
the field that ( r |6- a r e n e ) C r (CO)3 undergoes both carbonyl loss and arene exchange
reactions on irradiation It is possible to suggest a facile route to arene exchange 
which maintains the integrity of the chromium tncarbonyl unit via a r|4-arene 
intermediate complex, Scheme 2 4 1
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SCHEME 2 4 1
A rC r(C O )2(S) A rC r(C O )2( 13CO)
ArCr(CO)3 (n4-Ar)Cr(CO)3(13CO)
( n4-Ar)Cr(CO)3
Ar’Cr(CO)3
A -Ar
(n4-Ar)(n2-Ar’)Cr(CO)3
A
(nJ-Ar)(n4-A r’)Cr(CO)3
Expenments conducted using solvents of different dryness indicate that this 
second species is formed by a reaction with traces of water impurities present in the
arene)Cr(CO)2(H2 0 ) complex A transient spectrum of a species assigned as an 
impurity complex was recorded in the TRIR spectrum of (r|6-benzene)Cr(CO)3 in
non-distilled cyclohexane solution The water molecule is an excellent ligand and 
may react with the 'naked' CO-loss product, (r)^-arene)Cr(CO)2 , m order to stabilise
it. This reaction should occur on the picosecond timescale and would then appear as a 
primary reaction given the resolution of the instrumentation used In the case of 
sample solutions subjected to a liquid-pumping procedure, designed to remove traces 
of dissolved impurities, the levels of the impurity complex would be reduced 
dramatically, as observed
solvent. Alternatively, this second species may be assigned simply as a (t^ -
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also studied in this series of expenments The compounds were photolysed m argon 
saturated cyclohexane solution to eliminate the recombination reaction of the 
dicarbonyl photoproduct with C O  On photolysis of (T )6 -b e n z e n e )C r(C O )3  m
cyclohexane solution subjected to a liquid-pumping procedure a long-lived transient 
species was observed, the rate of formation of which was directly dependant on the 
concentration of parent tncarbonyl, k2 = 4 9 x 10  ^ dm3 mol' 1 s' 1 This species was
attributed to a dinuclear complex of the form (r|6-benzene)Cr(CO)2(|!- 
CO)Cr(CO)2(T|6-benzene), formed by reaction of the (r|6-benzene)Cr(CO)2(S)
species with parent tncarbonyl The formation of a dinuclear complex from 
photolysis of ( r i6 -b e n z e n e )C r(C O )3  has been noted in Nujol matnces at 77K[10(b)]
The formation of dinuclear species in such a manner is not unusual and has also been 
reported in the Cr(CO)6[2(b)], (ti5-C5H5)Co(CO)2[28], (Ti5-C5H5)Mn(CO)3 [5(a)] 
and (r|5-C5H5)V(CO)4[29] systems As with the (r|5-C5H5)Mn(CO)3 system, the 
rate of formation of this species, k0jjS 4 9 x 10  ^ mol' 1 dm3 s'1, was faster than that
of the recombination reaction of the dicarbonyl photoproduct with CO The
photoreactions again differed significantly if earned out in solutions of varying
dryness. Care must then be exercised in the interpretation of these results as reactions 
of the (r|6-arene)Cr(CO)2(S) species with traces of impunties can dominate the
chemistry in the absence of quenching ligands such as CO The formation of such 
dinuclear species limits the scope of these species in catalytic applications, as the 
catalytically active carbonyl-loss product is essentially 'poisoned' and prevented from 
further reaction by the formation of a dinuclear complex
The secondary photochemical reactions of (ri^-arene)Cr(CO) 3  complexes were
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Secondary reaction photochemistry was observed in the case of the substituted 
(ft6-arene)Cr(CO)3 complexes Of the substituted benzene complexes, the most
interesting photochemically was the (T^-CgMe^QtCO^ compound In the
photochemistry of (r|6-benzene)Cr(CO)3 the secondary photoproduct observed to
absorb at 425nm in non-hquid-pumped solution was attributed to an impurity 
complex, possibly formed by the binding of trace amounts of water present in the 
alkane solvent In the case of (T}6-C6Me6)Cr(CO)3 this species is observed in
solutions in which the liquid-pumping stage has been both included and omitted. 
Therefore, two secondary reaction products are apparent in the (n^-CgMe^CrCCO^
in all experimental studies, the former of which appears to be an intermediate in the 
formation of the latter The experimental observations may imply that the (r)6- 
CgMeg)Cr(CO)3 system is more readily influenced by trace levels of solvent
impurities and that the reduced levels present following the liquid-pumping procedure 
are sufficient to influence the photochemical reactions The results could also indicate 
that the degassing procedure is ineffective in the removal of solvent impurities, and 
may even introduce impurities into the solution
In the (ri^-C6Me6)Cr(CO)3 system, some evidence was found for the formation 
o f a dinuclear species o f the form (r|6-arene)Cr(CO)2(|i-CO)Cr(CO)2(r|6-arene), as 
proposed in the benzene case The increased methylation of the arene group may 
stencally hinder the formation of such a species A long-lived transient species was
observed, the rate of formation of which was directly dependant on the concentration 
of parent tncarbonyl, k2 = 5 3 x 10  ^ dm3 mol"1 s_1 Although the degree of error
incurred in this analysis was large, by analogy with the (r |6 -b e n z e n e )C r(C O )3  case
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this species may be attributed to a dinuclear complex of the form (T|6- 
C6Meg)Cr(CO)2(|J.-CO)Cr(CO)2('n -^C6Me6), formed by reaction of the (r|6- 
QjMe6)Cr(CO)2(S) species with parent tncarbonyl A possible explanation for the 
presence of both secondary photochemical species is the formation of a dinuclear 
complex which subsequendy undergoes a decarbonylation reaction of a similar nature 
to that reported in the (r|4-C4H4)2Fe2(CO)3[35] and (n5-C5H5)V(CO)4[29(a)]
systems, reaction 2.4 1
(tl5-C5H5)2V2(CO)5----------> CO + O lS -C sH s^ C O H  (2.4.i)
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2.5 Conclusions
The (T|6-arene)Cr(CO)2 (alkane) species has been identified as a primary 
photoproduct in the photochemistry of (r|6-arene)Cr(CO)3 systems (vide UV/vis and 
IR), where arene = benzene, toluene, p-xylene, 1,3,5-mesitylene and CôMeg The rate
of reaction of this species with CO is dependant on the nature of the alkane, and on
the nature and degree of substitution of the arene The enthalpies of activation are
constant at 25 ± 2 kJ mol' 1 while the entropy of activation increases upon methyl
substitution of the arene The photochemistry is greatly influenced by solvent
impurities, and complexes attributed to the binding of these impurities are ascribed to
some of the primary and secondary photoproducts observed The production of a 
dinuclear complex of the form 0i 6-arene)Cr(CO)2(M-CO)Cr(CO)2(T|6-arene) is noted
in the case of arene = benzene and CgMeg. The formation of such a complex in the 
case of the remaining methyl substituted arenes is not a certainty
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Chapter 3
Laser-Induced Photochemistry of Mn(CO)4-r|3-C3H4-C6H5
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3.1 Introduction
T]3-Allyl organometallic complexes have attracted much interest since it was 
first demonstrated in the late 1950's that (C4H7)Co(CO)3 has a r|3-bonding
configuration[ 1]. The allyl ligand is of particular interest because it can engage m
either T|1 or r|3 bonding to a transition metal, that is it can be either G-bonded (r|l) or
a- and 7t-bonded (r|3). Reversible equilibna of the type ri3-allyl to G-allyl are crucial
to the importance of metal allyl complexes in organic synthesis[2] and catalysis[2,3].
Such polyene hapticity changes could avoid the inhibiting need for seven co­
ordination number species in Sj^ reactions of small first-row transition metal
elements [4]
Our interest in these T^-allyl organometallic species stems from the study of a 
related dinuclear complex Mn(CO)4-ri3-C3H4-Ti6-C5H5-Cr(CO)3 . Preliminary laser
flash photolysis experiments revealed that the photochemical reactions of this system 
were complex This prompted a thorough investigation into the photochemistry of the 
individual components of this system as an aid to understanding the overall 
photochemistry observed For this reason the photochemistry of the 7t-allyl 
manganese complex Mn(CO)4-r|3-C3H4-CgH5 , in which the chromium centre is 
absent, was examined The photochemistry of the (T|6-arene)Cr(CO)3 species was
also reexamined in a separate series of experiments It was hoped that an 
understanding of the photochemical reactions occunng in these systems would enable 
the photochemistry of the dinuclear species to be simplified as it could be visualised 
in terms of the individual reactions of its component parts A study of the 
photochemistry of Mn(CO)4-r]3-C3H4-C6H5 in alkane solution at ambient
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temperature is hereby presented The observed photoproducts are characterised and 
kinetic data is presented for the reaction of these species with CO and other potential 
ligands Only laser pulse photolysis was available for this investigation.
3.2 Electronic Spectrum of M nfC O ^-nS^H ^C ^H g
The UV/vis absorption spectrum of Mn(CO)4-r)3-C3H4-CgH5 in cyclohexane
solution is presented in Figure 3 2 1 This spectrum is dominated by an absorption
centred at 242nm with a low energy shoulder on this band centred at 292nm. The 
study of the electronic structure of low symmetry Mn derivatives (beyond C4V) is not
well developed[5] By analogy with the spectrum of Mn(CO)5(T]1-C3H5)[6] these
absorption bands may be assigned as metal to ligand charge transfer bands, 1 e. from 
molecular orbitals of the metal to k * CO levels which do not interact with the
manganese orbitals The spectrum does not exhibit bands attributed to ligand field 
absorptions, presumably any bands are obscured by the more intense Mn to n* CO 
charge transfer bands Photochemical results presented on Mn(CO)5(T]1 -C5Cl5) and 
Mn(CO)5(r|l-C6H5CH2) complexes were consistent with lowest excited states that 
involved population of the a*z and G*Xy  orbitals from the overlap of the Mn 3dz2 
and 3dx2_y2 orbitals with the ligand centred a  orbitals[7]
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Figure 3.2.1 UV/vis absorption spectrum of a 2 20 x 10'4 mol dm-3 solution of 
Mn(CO)4-'n3-C3H4-CgH5 in cyclohexane.
3.3 Preliminary Experimental Results
Under 1 0 atmosphere of argon a single transient species was typically 
observed following the flash photolysis of a solution of Mn(CO)4-Ti3-C3H4-C6H5 
(e354nm= 2050 dm3 mol'1 cm'1) in cyclohexane The decay of this species follows a
first order decay process, Figure 3 3 1 Under 0 25 atmosphere of CO the transients 
were weak, Figure 3 3 2, and shock waves were typically observed on the traces, 
presumably due to local heating effects, while under 1 0 atmosphere o f  CO no 
transient species were detected From these observations it was apparent that the 
formation of the observed transient species was suppressed by CO This indicated that 
it was not a primary photoproduct as the addition of CO greatly affected its yield 
This suggested that perhaps two transient species of varying reactivity were formed; 
an extremely reactive one, with a lifetime shorter than that observed, and that
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detected, a secondary photoproduct This theory gained credibility as a later study
recorded a grow-in of the transient species on a timescale of 0 2(j.s, the rate of which
was measured as 2 9 x 10  ^ s"1 under argon atmosphere, Figure 3 3 3 The lifetime of
this species is just within the limit of detection of the present instrumentation
(>200ns). This primary transient species is hereafter referred to as species 1, while the
secondary photoproduct typically observed is referred to as species 2
Similar type behaviour has been noted in the flash photolysis of 
CH3Mn(CO)5 [8] TRIR and UV/vis detection were used to demonstrate that the
primary photoproduct was CH3Mn(CO)4 formed by photoejection of a CO ligand.
This species was identified as the solvated m-CH3Mn(CO)4(S) complex under argon
and CO atmosphere The yield of this solvatocomplex was reduced by a factor of 5 in
experiments conducted under a CO atmosphere. To account for these observations, it 
was proposed that CH3Mn(CO)4 can react competitively with either CgH^ to form
czs-CH3Mn(CO)4(S) or with CO to regenerate CH3Mn(CO)5 The formation of a
CH3Mn(CO)4 intermediate of tngonal-bipyramidal C3V geometry or of square-
pyramidal geometry was proposed to account for these observations Either geometric
or electronic constraints might give such a species sufficient lifetime to demonstrate
selectivity in coordinating a sixth ligand Similar behaviour was also noted in the 
laser flash photolysis of Cn5-C5H5CH3)Mn(CO)2PPh3[9] In this case, the first
transient species was identified from reaction kinetics as the non-solvated (Tl^ - 
C5H5CH3)Mn(CO)PPh3 complex It was proposed that the bulky tnphenylphosphine
ligand stencally prevented the cyclohexane molecule from coordinating to the 
unsaturated metal centre It was also postulated that the coordinatively unsaturated
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complex was stabilised by an intramolecular reaction, the nature of which was 
unknown but which was believed to involve an orthometallation reaction
Figure 3.3.1 The decay of the secondary photoproduct under 1.0 atmosphere of argon 
at 405nm, [Mn(CO)4-Ti3-C3H4-CgH5] = 6 55 x 10' 4 mol dm' 3
L
I I
Z!:0
Figure 3.3.2 The decay of the secondary photoproduct under 0 25 atmosphere of CO 
at 410nm, [Mn(CO)4-Ti3-C3H4-C6H5] = 8 29 x 10‘ 4 mol dirf3
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Figure 3.3.3 The 'grow-in' of the secondary photoproduct under 1 0 atmosphere of 
argon at 410nm, [Mn(CO)4-T|3-C3H4-C6H5] = 6 20 x 10"4 mol dm'3.
3.4 UV/vis Difference Spectra of Transient Species
The difference absorption spectrum from 280nm to 590nm obtained under 
argon atmosphere within 10)is of the laser pulse at a Mn(CO)4-ri3-C3H4-CgH5
concentration of 3 9 x 10'4 mol dm-3 is given in Figure 3.4 1 The most significant 
feature m this transient absorption spectrum of the species 2 is the band m the visible 
region of the spectrum centred at 410nm This species exhibits a weak absorption in 
the long wavelength region of the spectrum up to 600nm The spectrum obtained 
under argon atmosphere within 250ns of the laser pulse is given in Figure 3 4.2. This 
spectrum is very similar to that recorded at 10|LLs, however the absorption peak 
centred at 415nm is broader and there is a pronounced shoulder on the long
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wavelength side of the absorption peak at ca 460nm. This may indicate the formation 
of a further species from the species 2, albeit in quite low yield.
A b s o r b a n c e
W a v e le n g th  (n m )
Figure 3.4.1 UV/vis difference spectrum of species 2 recorded at 20(is following the 
laser flash photolysis of Mn(CO)4-r|3-C3H4-C6H5 in cyclohexane solution at 298K
A b s o r b a n c e
W a v e le n g th  (n m )
Figure 3.4.2 UV/vis difference spectrum recorded at 250 i^s following the laser flash
photolysis of Mn(CO)4-T|3-C3H4-C6H5 in cyclohexane solution at 298K
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3.5 Effect of Variations in CO Concentration
The rate of decay of species 2 was directly dependant on CO concentration.
The CO concentration was increased incrementally up to a maximum value of 3 0 x
10 '3 mol dm'3, beyond which value the low transient yield served to make the decay
rate immeasurable To minimise shock waves on the transient signals the laser energy
was reduced from the normal operating setting of 790V to 600V However, the
presence of even such small concentrations of CO served to dramatically decrease the
observed yield The second order rate constant for the reaction of the transient species
with CO was calculated to be 3 6 x 10  ^ dm3 mol"1 s'1, Figure 3 5 1. The 
corresponding second order rate constant for the reaction of CH3Mn(CO)4 with CO
is reported as 2.2 x 10  ^dm3 mol' 1 s_1 [8] Although the calculated value is not as fast 
as that reported for the reaction of (r|5-C5H4CH3)Mn(CO)2(PPh3) with CO, 1.05 x
10  ^dm3 mol' 1 s' 1 [9], the rate constant has increased by over an order of magnitude.
3.6 Effect of Variations in Parent M niCO^-r^-Cj^ -C f iHg Concentration
The observed rate constants for the decay of the species 2 at 410nm display a 
linear dependance on the parent tetracarbonyl concentration under argon atmosphere, 
Figure 3 6 1 This trend presents evidence for the formation of a dinuclear species in a 
reaction involving this species and the parent complex The spectrum recorded at 
250(J.s after the laser pulse most likely pertains to this species The second order rate 
constant was determined to be 1 7 x 10  ^dm3 mol' 1 s' 1 from the slope of the psuedo- 
first order plot, the intercept of which is practically zero given the experimental error
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kobs x 1CT3 s-1
1 4 0 -----------------------------
Q  ---------------------------1---------------------------1--------------------------- 1________________ I________________ I________________ I________________
0 5 10 15 20 25 30 35
(CO) x 1CT-4 mol  d m - 3
rco i mol dm'3 ^obs s ^
0 00 11613
1 30 x 10'3 43728
1 92 x 10'3 64671
2 40 x 10*3 91568
3 00 x 10'3 120502
k[co] = 3 6 x 107 ± 4 0 x 10  ^dm3 mol'1 s '1
Intercept = 4400 ± 9172 s'1 Corr Coeff = 0  982
Figure 3.5.1 The observed rate constants (s'1) for the reaction of CO with species 2,
monitored at 410nm at differing CO concentrations (mol dm'3) at 298K. The 
[Mn(CO)4-ri3-C3H4-C6H5] in cyclohexane solution was 8 37 x 10"4 mol dm'3 for
this experiment
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kobs x 1CT3 s-1
1 4 -----------------------
2 -
0  1 1 1--------------------
I 8 9 E - 4  3 9E-4  5 85E -4  6 53E-4 8 29E-4
(Mn(CO)4-h3-C3H4-C6H5) mol  d m - 3
[Mn(CO)4-T} 3-C3H4-C6H5] mol dm'3 ^obss*^
8 29 x 10'4 13435
6 53 x 10'4 11502
5 85 x 10'4 9251
3 90 x 10'4 6131
1 89 x 10'4 4079
k[Mn(CO)4-T|3-C3H4-C6H5] = 1 34 x 10  ^± 1 53 x 10  ^dm3 mol' 1 s'1
Intercept = 1503 ± 855 s'1 Corr Coeff. = 0.981 
Figure 3.6.1 Plot showing the variation in k0bs (s'1) for the decay of species 2 with
concentration of Mn(CO)4-T|3-C3H4-C6H5 (mol dm'3)
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Species 1 has been shown to be an extremely short-lived photoproduct capable 
of reacting with CO CO substitution has been observed on decarbonylation of Cn3- 
C3H5)Mn(CO)4 in the presence of PPI13 and PMe2Ph ligands [10]. (n3- 
C3H5)Mn(CO)3 has also been formed reversibly from photolysis of (T|3- 
C3H5)Mn(CO)4 in inert CH4 and Ar matrices at ca 12K[5] Species 1 is therefore 
assigned as a primary carbonyl-loss photoproduct, Mn(CO)3-'n3-C3H4-C6H5 , which
can react with CO to regenerate the parent tetracarbonyl. Under CO atmosphere the 
efficiency of this recombination reaction is such that no transient species are detected. 
The bulky allyl-phenyl group may inhibit the interaction of this coordinatively 
unsaturated 16-electron species with solvent, but allow CO to interact due to it’s small 
size Thus, the results indicate that perhaps a molecule of solvent does not occupy the 
vacant coordination site in this photoproduct As free rotation is possible about the C- 
C single bond, the allyl group of this carbonyl loss product may undergo a rapid T]3 to 
r|5 rearrangement to stabilise the coordinatively unsaturated fragment with
concomitant dearomatisation of the phenyl group, thereby forming species 2 , 
Mn(CO)3-Ti5-C3H4-C6H5 Young and Wnghton observed a similar reaction in their 
investigations into the photochemistry of T|l-C6H5-CH2-Mn(CO)5 [7] Species 2 is 
therefore assigned to the acyclic pentadienyl complex Mn(CO)3-ri3-C3H4-C6H5
formed by a conformational change at the allyl ligand of species 1
The experimental observations demonstrate that the pentadienyl complex may 
react with CO, presumably to regenerate the parent complex, or with the parent 
carbonyl to form a long-lived dinuclear complex, species 3 The rate of reaction of
3.7 Discussion
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this species with CO (3 6 x 10  ^dm3 mol' 1 s'1) again indicates that it is not solvated 
over the timescale of the experiment The dinuclear species is formed in quite low 
yield and is stable over relatively long time-scales, eventually reverting back to the 
parent complex, as evidenced by the UV/vis spectrum of the sample solution which 
showed minimal variations throughout the experiments; indicating satisfactory 
thermal reversibility of the photochemical processes The exact structure of such a 
dinuclear species is unknown The rate of its formation is slower than that calculated 
for the (r|6-benzene)2Cr2(CO)5 species, possibly due to the extra bulkiness of the
allyl-phenyl ligand which could hinder dinuclear species formation It is noteworthy
that, in this system, the order of reactivity of the observed secondary photoproduct 
with CO and parent is the reverse of that observed in the Cn6-benzene)Cr(CO)3 case.
The rate constant for the reaction of (rj^-benzene)Cr(CO)2(S) with CO was
determined to be significantly smaller than that for the formation of (r|6- 
benzene)2Cr2 (CO>5 , as with the Cn5-C5H5)Mn(CO)3 [ ll]  and (tj5-C5H5)V(C0)4
systems[12] Here, this order is reversed as the second order rate constant for the 
reaction of species 2 with CO is just over twice that for the formation of the dinuclear 
species
It is extremely unlikely that an Mn(CO)5(ri1 -C3H5) species is formed in these 
photochemical reactions Such a species would require the presence of CO to form 
the pentacarbonyl species, by which to stabilise the coordinatively unsaturated 
complex, whereas the transient species observed in these experiments were typically 
suppressed by the presence of CO The electronic spectrum of the Mn(CO)5 (ri1-
C3H5) species exhibits bands at 215nm and 270nm[5]. This does not correspond to
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any of the difference UV/vis spectra recorded in these experiments, although it may 
correspond to that of species 1, the difference UV/vis spectrum of which was not 
attained.
The proposed reactions occunng on photochemistry of Mn(CO)4-T|3-C3H4- 
C6H5 in cyclohexane solvent are illustrated in Scheme 3 7 1.
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SCHEME 3 7.1
CO
hv
+ CO
-CO oc
FAST
k[col = 3 6 x -10- 
dm 3 m ol"1 s ‘1
OC—  Mn^ — CO 
o c /  CO
PARENT \  k = 1 1 x 107 dm3 mol’ 1 s '1 
2
DINUCLEAR SPECIES
3.8 Conclusions
Laser flash photolysis of Mn(CO)4-r| I-C3H4-C6H5 in cyclohexane solution
produced evidence for the formation of three transient species. The first transient was 
assigned as a primary carbonyl-loss photoproduct, Mn(CO)3*r|3-C3H4-C6H5 No
transient species were detected under CO atmosphere because of the efficiency of the
recombination reaction of this species with CO The second transient was identified 
from reaction kinetics as an acyclic pentadienyl Mn(CO)3-ri^-C3H4-C6H5 complex.
This complex appeared non-solvated as the bulky allyl-phenyl group stencally 
prevented the cyclohexane molecule from coordinating to the metal centre. The fast 
second order rate constant for the reaction of this species with CO indicated that the 
CO molecule was able to coordinate to the metal centre, while the larger cyclohexane 
solvent molecule was not. The formation of a dinuclear species in low yield from this 
photoproduct was also noted.
191
1 H.B. Jonassen, RI Steams, J Kentamaa, D W Moore, and A.G Whittaker,
/ .  Am Chem. Soc , 1958,80, 2586
2. R. Baker, Chem Rev , 1973,73,487.
3. H. Bonnemann, Angew Chem , Int Ed E n g l, 1973,12, 964
4. D.A. Brown, N J Fitzpatrick, and N J Mathews, J  Organomet Chem , 1975, 
88, C28
5. R.B. Hitam, K A. Mahmoud, and A.J Rest, J  Organomet Chem , 1985, 291, 
321
6. G L Geoffroy and M S Wnghton, "Organometallic Photochemistry", 
Academic Press, New York, 1979
7. K.M. Young andM S. Wnghton,/ Am Chem Soc , 1990,112,157.
8. S.T. Belt, D W Ryba, and P C Ford, Inorg Chem , 1990,29, 3633.
9 B Crocock, "The Photochemistry o f Monosubstituted Triphenylphosphwe
Derivatives o f  Some Metal Carbonyl Complexes", Ph D. Thesis, Dublin City 
University, 1992.
10. G.T Palmer and F Bosolo, /  Am Chem Soc , 1985,107,3122.
11. (a) BS Creaven, AJ Dixon, JM. Kelly, C. Long., and M Poliakoff, 
Organometallics, 1987, 6, 2600
(b) B S Creaven, "Photochemical, Thermal and Spectroscopic Studies o f  
M etal Carbonyl Compounds", Ph D Thesis, Dublin City University, 1989 
12 (a) L.N Lewis and K G Caulton, Inorg Chem , 1980,19,1840
(b) M W George, Ph D Thesis, University of Nottingham, 1990
3.9 References
192
Chapter 4
Laser Induced Photochemistry of Mn(CO)4-Ti3-C 3H4-Ti6-C6H5-Cr(CO)3
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The synthesis of heterobimetallic compounds constitutes a research area that is 
currently very active[l] Because of the wide application of 7t-arene complexes of 
chromium in stereoselective[2] and regiocontrolled[3] syntheses, the additional 
activation of 7t-bonded arene nngs by their attachment to a second organometallic 
fragment has gained interest. There are no reported photochemical studies on these 
complexes to date, although the photochemical behaviour of dinuclear CO loss 
intermediates is potentially very varied. In dinuclear compounds the coordinatively 
unsaturated molecule resulting from CO loss can engage in a form of "self-repair", 
e g. through the formation of bndging[4] or semi-bndging[5] CO linkages. 
Alternatively, or in addition to these rearrangements, the dinuclear CO-loss 
intermediate may subsequently react with other substrates Complexes containing two 
or more 71-donor sites and no direct M-M bond have been studied to determine the 
extent of electron délocalisation through an extended rc-system and, in particular, to
study the effect of metal complexation on electron délocalisation [6] The hetero- 
bimetallic complex Mn(CO)4-Ti3-C3H4-ii^-C6H5-Cr(CO)3 is an example of such a
complex with an extended bridging ligand, and may be used to study through-ligand 
metal-metal interaction
In this chapter the photochemistry of the heterodinuclear complex Mn(CO)4* 
T|3 -C3H4-ri6-CgH5-Cr(CO)3 is investigated by means of laser flash photolysis and 
TRIR studies. This represents the first reported photochemical study on a 
heterodinuclear complex to date An attempt is made to rationalise the photochemical 
results in terms of previous photochemical studies on the uncomplexed T13-C3H4-
4.1 Introduction
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Mn(C0)4  and (r|6-benzene)Cr(CO)3 moitiés. The effect of complexation upon the 
UV/vis absorption spectra of the individual component complexes is also studied.
4.2 Electronic Spectrum of Mn(CO)4-n3-C ?H/|-n6-C ^Hg-Cr(CO)3
The UV/vis spectrum of Mn(CO)4-r|3-C3H4-ri6-CgH5-Cr(CO)3 m 
cyclohexane solution is presented in Figure 4.2 1 The assignment of bands in 
relatively large organometallic compounds as is described here is difficult. The most 
intense band in the spectrum of this complex is at 218nm. This band is assigned as a 
Cr to 7t*CO charge transfer band by analogy with the spectrum of (rj -^ 
benzene)Cr(CO)3 Spectroscopic studies performed by Gogan and Chu[6] into the 
effect of complexation on Cr(CO)3-(benzoylcyclopentadienyl)-Mn(CO)3 derivatives 
have concluded that 7t-complexing of the Cr(CO)3 group onto the arene nng causes a
hypsochromic shift in the Mn-C band, e g. a shift from 344 to 330nm was reported 
for a benzoyl compound This may indicate that the 242nm band of the (r)3- 
allyl)Mn(CO)4 species is shifted to higher energy such as it is supenmposed on the 
absorption of the Cr(CO)3 group in this region. A shoulder on the low energy side of
this absorption maximum, at 254nm, may be assigned to a hypsochromic shift of 
either the 264nm absorption of (r|6-benzene)Cr(CO)3 or the 292nm absorption of the
(rj3-allyl)Mn(CO)4 species The band centred at 328nm is most logically assigned to
the Cr to n CO charge transfer band with some Cr to arene character by analogy with 
the spectrum of (rj^-benzene)Cr(CO)3 All the bands except the weak band centred at
406nm are observed in the non-complexed compounds This band is similar to that 
reported in the UV/vis spectra of Cr(CO)3-(benzoylcyclopentadienyl)-Mn(CO)3
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denvatives[6] It was assigned as a charge transfer band from Cr to C. Gray and 
Beach[7] observed a band at 440nm in the spectrum of Cr(CO)6 which they proposed
to be of the same nature.
The positions of the band maxima in the uncomplexed (T|6-benzene)Cr(CO)3
and (n3-allyl)Mn(CO)4 species and in the dinuclear complex Mn(CO)4-T|3-C3H4-
T]^ -C6H5-Cr(CO)3 are given in Table 4 2 1.
Figure 4.2.1 UV/vis absorption spectrum of a 1.55 x 10' 4 mol dm-3 solution of 
Mn(CO)4-ri3-C3H4-T|6-C6H5-Cr(CO)3 in cyclohexane
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Table 4.2.1 Spectral data for (r|6-benzene)Cr(CO)3 , (r|3 -allyl)Mn(CO)4 and 
Mn(CO)4-r|3-C3H4-ri6-CgH5-Cr(CO)3 complexes
Complex Bands
nm
Assignment Reference
(r|6-benzene)Cr(CO)3 376 LF?
OO
316 Cr—> arene, 7t*CO CT
264 Cr—> CO CT
220 Cr—> 7t* CO CT
(T| 3 -allyl)M n (CO)4 292(sh) Mn—> 7t* CO CT [9]
242 Mn—> 7t* CO CT
Mn(CO)4-Ti3-C3H4-Ti6 406 Cr—> C CT
-C6H5-Cr(CO)3 328 Cr—> arene, 7t*CO CT
254(sh) Mn/Cr—> TC* CO C P
218 Mn/Cr—> k * CO  CT
4.3 Preliminary Experimental Results
Under 1.0 atmosphere of CO and utilising the third harmonic of the Nd3+ 
YAG fundamental at 355nm, at least three transient species were observed to absorb 
at 300nm following the irradiation of Mn(CO)4-Ti3-C3H4-ri6-CgH5-Cr(CO)3
(e354nm= 8090 dm3 mol" 1 cm'1) in cyclohexane at ambient temperatures. The first 
species was formed within the laser flash and was quite short-lived, the rate constant 
for the decay of this species was measured as 4 7 x 10  ^ s"1, Figure 4.3 1
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Experiments conducted at varying concentrations of CO revealed that the yield and 
lifetime of the this first observed species were independent of CO concentration to 
within experimental error; these results are tabulated in Tables 4 3 1 and plotted in 
Figures 4 3 2 and 4 3 3 Tins indicates that the transient species is not susceptible to 
reaction with CO Further experiments conducted at varying concentrations of parent 
complex revealed that the lifetime of this species was also unaffected by parent 
concentration, Figure 4 3 4 It is concluded from these observations that this species 
does not react with either CO or parent complex, suggesting that an intramolecular 
reaction occurs These results may then represent an example of an intraligand 
photoreaction, most probably by means of the facile T|3 to T)1 orr|5 hapticity changes 
of the allyl portion of the dinuclear complex This reaction is essentially a 
unimolecular process, the rate of which is independant of the concentration of other 
potential ligands (such as CO or parent) Intraligand reactions involving cis-trans 
isomensation[8], cyclisation[9], 1,3-hydrogen shifts[10], dimensation[ll], and 
hydrogenation[12] represent some of the reported examples where the groups 
attached to a transition metal undergo a chemical transformation as a consequence of 
photochemical excitation of the metal complex
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Figure 4.3.1 Transient signal displaying the decay of the first and second species
observed at 300nm after flash photolysis of a 1 16 x 10' 4 mol dm' 3 solution of 
Mn(CO)4-Ti3-C3H4-Ti6-C6H5-Cr(CO)3 m cyclohexane under 1 0 atmosphere of CO
at 298K
Table 4.3.1 The observed rate constants for the decay of the first transient species at 
300nm at 298K at varying CO concentrations (mol dm'3); [Mn(CO)4-Tl3-C3H4-T]6- 
CgH5 -Cr(CO)3] = 9 49 x 10"^  mol dm*3 The yield of this species (as measured by 
the absorbance at 0[is after the laser flash) is also tabulated.________
rcoi mol dm' 3 ^obs s ^ Absorbance
0 000 497044 2 687 x 10-2
0 003 476135 2 279 x 10-2
0 006 469513 2 619 x 10'2
0 009 452918 3 066 x 10-2
0 012 496373 3 030 x IQ' 2
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Absorbance
CO) x 10-2 mol dm -3
Figure 4.3.2 A plot of the observed yield at O^ is after the laser flash (in absorbance 
units) of the first transient species at differing CO concentrations (mol dm"3) at 
298K.
kobs x 10^5 s-1
(CO) x 10-2 mol dm -3
Figure 4.3.3 A plot of the observed rate constants (s'1) for the decay of the first 
transient species with differing concentrations of CO (mol dm'3) at 298K.
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7
[Mn(CO)4-ri3 -C3H4-r|^-CgH5-Cr(CO)3] mol dm' 3 ^obs s ^
7 573 x 10' 5 496373
9 492 x 10-5 475404
1 224 x 10' 4 457225
1 369 x 10' 4 496358
1.816 x 10'4 461455
2 254 x 10' 4 470643
Figure 4.3.4 A plot of [(Mn(CO)4-T]3-C3H4-r|6-CgH5-Cr(CO)3] (mol dm"3) against 
the observed rate constants (s'1) for the decay of the first transient species at 298K 
under 1 0 atmosphere of CO at 300nm
kobs (x  10 5) s-
94  114 134 154 174 19 4 214
(Parent complex)  (x 1CP-5) mol d m -3
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The rate of decay of the second observed species was calculated to be 7.9 x 
104 s' 1 This transient species is assigned to the product of the intramolecular 
reaction of the first observed species This transient species was typically observed as 
a second decay super-imposed on that of the first species producing a 'bi-phasic' 
decay analysing for a double-exponential function, Figure 4 3 1 It is difficult to 
ascertain if the rate of decay of species 2 is dependant on CO concentration, as under 
reduced levels of CO and under argon atmosphere the formation of a third species 
'masks' this decay profile Expenments conducted with solvents of different dryness 
under argon atmospheres have suggested that the photochemical observations are 
complicated by the reaction of a primary photoproduct with traces of water present m 
the solvent to form an impurity complex This was indicated as the level of liquid- 
pumpmg influenced the degree to which these transient absorptions retured to the 
baseline value Tins observation is consistent with the impurity complexes observed 
on photochemical excitation of (ri -^arene)Cr(CO)3 complexes in cyclohexane
solution reported earlier
A third transient species was observed in these expenments. Under argon 
atmosphere the formation of this species is super-imposed on the decays of species 1 
and 2, Figure 4 3 5, and it is therefore impossible to accurately measure the rate of its 
formation The rate of decay of species 3 was measured as 6 3 x 10  ^ s' 1 under these 
conditions, Figure 4 3 6 Tins species is not produced when the expenments are 
earned out under CO atmosphere Tins suppression of the yield of this species by the 
presence of CO m solution strongly indicates that it is a: secondary photoproduct 
formed by the reaction of a species which can also react competitively with CO.
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Given that species 1 has been determined not to react with CO, this would seem to 
eliminate the possibility that species 1 is a precursor in the formation of this species. 
These results may indicate that this species is a photochemical product of another 
section of the dinuclear complex
©
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Figure 4.3.5 Transient signal of the formation of the third transient species observed 
at 300nm after flash photolysis of a cyclohexane solution of Mn(CO)4-Tl3-C3H4-T]6- 
C6H5~Cr(CO)3 under 1.0 atmosphere of argon at 298K
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Figure 4.3.6 Transient signal of the decay of the third transient species observed at 
300nm after flash photolysis of a cyclohexane solution of Mn(CO)4-T|3-C3H4-T[6- 
CgH5-Cr(CO)3 under 1 0 atmosphere of argon at 298K.
4.4 UV/vis Difference Spectrum of the First Observed Species
The UV/vis difference spectra obtained within l(j.s of the laser pulse under 1.0 
atmosphere of CO and 1 0 atmosphere of argon are given in Figures 4 4 1(a) and (b). 
The spectra are practically identical, supporting the conclusion that this species is the 
first observed species both m the presence and absence of CO This transient 
spectrum shows negative bands at 345nm and 430nm, attributed to depletion of the 
328nm and 406nm absorptions of the parent molecule, Figure 4.2.1 The transient 
intermediate exhibits an apparent absorption maximum m the UV region of the 
spectrum at 300nm, in the region of the valley in the absorption profile of the parent 
complex
A b so rb an ce
Wavelength  (nm)
A b so rb an ce
Wavelength  (nm)
Figure 4.4.1 UV/vis difference spectra recorded ljis following the laser flash 
photolysis of Mn(CO)4-Ti3-C3H4-T|6-C6H5-Cr(CO)3 in cyclohexane solution (a) 
under argon atmosphere and (b) under CO atmosphere; [Mn(CO)4-Tl3-C3H4-T]6- 
C^HyCr(CO)^] = 1 27 x 10'4 mol dm' 3 for both spectra
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The UV/vis difference spectrum of the third observed species obtained 12fis 
after the laser flash under argon atmosphere is given in Figure 4.5 1. This spectrum 
exhibits absorption peaks at 300nm and 400nm and a depletion band at 350nm.
4.5 UV/vis Difference Spectrum of the Third Observed Species
280 320 360 400 440 480 520 560 600
Wavelength (nm)
Figure 4.5.1 UV/vis difference spectrum of the third observed species recorded 12|xs 
after laser flash photolysis of Mn(CO)4-r|3-C3H4-r|6-C6H5-Cr(CO)3 m cyclohexane
solution under argon atmosphere
4.6 A Study of the Activation Parameters for the Intramolecular Reaction of the 
First Observed Species
The first species has been found not to react with CO or parent The decay of 
this species is assumed therefore to be a true first order, and not a psuedo-first order, 
process. Activation parameters were determined for the intramolecular reaction of this 
species from Arrhenius and Eynng Plots over a temperature range of 284 to 314K.
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The results are detailed in Table 46  1 and illustrated graphically in Figure 4 6.1. 
These values were obtained at a CO concentration of 1.2 x 10"2 mol dm'3.
Table 4.6.1 fa) Experimental data for the determination of the energy, entropy and 
enthalpy of activation for the intramolecular reaction involving species 1; [Mn(CO)4- 
r|3-C3H4-Ti6-C6H5-Cr(CO)3] = 1 1 x 10'4 mol dm' 3
1/T (x 103) Ln(kobs) Ln(k05s/T)
3 52 12 67 7 02
3 45 12 82 7 15
3 39 12 91 7 22
3 33 13 11 7 41
3 26 13 26 7 54
3 19 13 37 7 63
Arrhgnius piQt Evring Plot Activation Parameters
Slope =-2149 ± 112 Slope =-1887 ± 119 Ea = 18 ± 1 kJ mol' 1
Int = 20 24 ± 0 03 I n t =  13 6 7 ± 0  03 AH* = 16 ± 1 kJ mol' 1
Corr Coeff = 0 995 Corr Coeff = 0 992 AS* = -84 ± 20 J mol' 1 K' 1
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Table 4.6.1 (b) Experimental data for the determination of the energy, entropy and
enthalpy o f activation for the intramolecular reaction involving species 1; [Mn(CO)4 -
Ti3 -C3 H4 -Ti6 -C6 H5 -Cr(CO)3 ] = 1 2 x 10"4  mol dm*3
1/T (x 103) Ln(kobs) Ln(k05s/T)
3.51 12 71 7.06
3 38 13 05 7 36
3 25 13 25 7 52
3 17 13 43 7 68
Arrhenius Plot Evrin? Plot Activation Parameters
Slope = -2055 ± 157 Slope = -1758 ± 156 Ea = 17 ± 1 kJ mol"1
Int = 19 95 ± 0 04 Int = 13 25 ± 0 04 AH* = 15 ± 1 kJ mol" 1
Corn Coeff. = 0.994 Corr Coeff. = 0 992 AS* = -87 ± 20 J mol" 1 K"1
The thermodynamic parameters associated with the decay of the first observed
species are consistent with the occurance of an intramolecular process. The enthalpy
and energy of activation are quite low at 16 and 18 kJ mol" 1 respectively. These
values are significantly lower (by approximately 7 kJ mol'1) than those determined 
for the reaction of ( r |6 -b e n z e n e )C r(C O )3  with C O  indicating that a unimolecular
process requires less energy than is required for reaction with C O  The AS* value for 
this reaction is large and negative indicating that the reaction is almost associative in 
nature, although the transition state is probably best described by an interchange
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mechanism. An intramolecular reaction would require a more ordered transition state, 
and this is probably reflected in the large negative value of AS^
Ln(kobs)
1 / T  x  1 C T - 3
Ln(k:obs/T)
1 / T  x  1 C T - 3
Figure 4.6.1 Arrhenius (a) and Eynng (b) plots for the intramolecular reaction of the 
first transient species
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4.7 A Study of the Activation Parameters for the Reaction of the Second 
Transient Snecies
No conclusive evidence was found for the reaction of species 2 with CO or 
parent Therefore these factors are not considered in the calculations. Activation 
parameters were measured from Arrhenius and Eynng Plots over a temperature range 
of 284 to 314K The results are detailed in Table 4 7 1 and illustrated graphically in 
Figure 4 7 1, where T = temperature (K)
Table 4.7.1 (a) Experimental data for the determination of the energy, entropy and 
enthalpy of activation for the reaction of species 2 , [Mn(CO)4-Ti3-C3H4-r|6-CgH5- 
Cr(CO)3] = 1 2 x lO' 4 mol dm"3
1/T (x 103) Ln(kobs) Ln(k0bs/T)
351 11 06 5 40
3 42 11 19 551
3 38 11 33 5 64
3 33 11 44 5 73
3 25 11 61 5 88
Arrhenius Plot Evring Plot Activation Parameters
Slope = -2207 ± 148 Slope = -1912 ±148 Ea = 18 ± 1 kJ mol' 1
Int. = 18 78 ± 0  03 Int. = 12 09 ± 0 03 AH* = 16 ± 1 kJ mol*1
Corr Coeff = 0 993 Corr Coeff = 0 991 AS* = -97 ± 20 J mol' 1 K' 1
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Tahle 4.7.1 (h) Experimental data for the determination of the energy, entropy and
enthalpy o f activation for the reaction of species 2 ; [Mn(CO)4 -Tl3 -C3 H4 -T|6 -C6 H5 -
Cr(CO)3 ] = 1.1 x 10~4 mol dm" 3
l/T  (x 103) Ln(kobs/[CO]) Ln((kobs/[CO])/T)
3 52 10 36 4 83
3 45 10 70 5 04
3 39 10 90 5 21
3 33 11 00 5 29
3 19 11 58 5 71
Arrhenius Plot Evring Plot Activation Parameters
Slope = -3506 ± 247 Slope = -3211 ± 249 Ea = 29 ± 2 kJ mol" 1
Int. = 22 74 ± 0 06 I n t =  16 0 5 ± 0  06 AH*= = 27 ± 2 kJ mol" 1
Corr Coeff = 0 993 Corr Coeff = 0 991 AS*= = -64 ± 20 J mol' 1 K"1
The slope of an Arrhenius or Eynng plot does not alter on inclusion or 
omission of CO in the calculations, however the intercept is affected Therefore, if 
species 2 reacts with CO, the only parameter which will differ is the AS^ value; since 
the intercept of the Eynng plot is utilised m its calculation It has been calculated that 
the values of AS  ^ becomes less negative by -37 J mol-1 K‘l on inclusion of the 
concentration of CO in this detennination
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L n ( k o b s )
1/T x 10^-3
Ln(kobs/T)
1/T x 10^ —3
Figure 4.7.1 Arrhenius (a) and Eyring (b) plots for the reaction of the second 
transient species
4.8 Preliminary Time Resolved Infrared Study
A FTIR of a 4.77 x 10"5 mol dm' 3 solution of Mn(CO)4-Ti3-C3H4-'n6-C6H5- 
Cr(CO)3 in n-heptane is given in Figure 4 8 1 Five peaks are observable m the
carbonyl stretching region, at 2072, 2001 5, 1978, 1970 and 1915 cm"1. Although 
this molecule has overall Cs symmetry, an approximate C3v and Cs local symmetry
can be assumed for the solution spectra of the Cr(CO)3 and Mn(CO)4 portions The
IR stretching frequencies of the uncomplexed metal centres and the dinuclear species 
are given in Table 4 8 1 Two carbonyl bands were recorded for (T -^ 
benzene)Cr(CO)3 in n-heptane, at 1983 and 1915 cm' 1 Four bands are reported for 
the Ti3-C3H5Mn(CO)4 species of Cs symmetry, at 2081, 2001, 1983, and 1965cm*
1[13]. Thus, in the dinuclear species, the band at 1915cm'1 is attributed solely to the 
(r|6-benzene)Cr(CO)3 moiety, as the bands at 2072, 2001 and 1970cm'1 are
attributed solely to the Mn(CO)4-r|3-allyl moiety The remaining band at 1978cm"1 is
ascribed to both the (r|6-benzene)Cr(CO)3 and Mn(CO)4-Ti3-allyl species Both
species exhibit a band at ca 1983cm"1 in their uncomplexed state, it is likely that 
these bands overlap in the spectrum of the dinuclear complex and give rise to a single 
band at 1978cm"1 A shoulder on this peak in the FTIR spectrum confirms that this 
band is asymmetrical
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Table 4.8.1 A comparison of the IR stretching frequencies (cm'l) for (t^- 
benzene)Cr(CO)3 , Mn(CO)4-ri3-allyl and Mn(CO)4-i^ 3-C3H4-T]6-CgH5-Cr(CO)3 .
athis work in n-heptane ^Reference 13
Complex vco cm' 1
(ri6-benzene)Cr(CO)3 1983,1915°
Mn(CO)4-T|3-allyl 2081,2001,1983,1965*
Mn(CO)4-ri3-C3H4-ri6-C6H5-Cr(CO)3 2072,2002,1978,1970,1915°
Figure 4.8.1 FTIR spectrum of a 4 77 x 10~5 mol dm' 3 solution of Mn(CO)4-ri3- 
C3H4-ri6-CgH5-Cr(CO)3 in n-heptane
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The TRIR spectrum from 1997 to 1844cm*1 obtained 10(is following laser 
flash photolysis of a 4 77 x 10*5 mol dm*3 solution of Mn(CO)4-C3H4-Tj6-C(jH5- 
Cr(CO)3 in n-heptane solution under 2 0 atmospheres of argon is given in Figure
4 8.2 Three of the absorption bands of the parent complex lie in this region of
analysis and are therefore amenable to study All three bands are depleted, these are
detected as the negative absorptions with peak positions at 1984, 1971 and 1920cm"1.
These parent absorptions are not fully regenerated, indicating that long-lived transient
species are produced from the parent complex Three absorptions attributed to
transient photoproducts are observed at 1976, 1932 and 1907cm*1. The identity of the
mtermediate(s) species giving rise to these absorptions is still uncertain, although a
simple carbonyl loss product from one of the metal moitiés does not seem likely If an 
(r|6-arene)Cr(CO)2(S) species was produced, for example, depletion of the 1915 and
1978 cm*1 absorptions, arising from the Cn6-arene)Cr(CO)3 species only, would be 
expected, with the production of bands at ca 1929 and 1877cm*1 by comparison with 
previous TRIR experiments on this section of the dinuclear complex
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W A V E N U M B E fi
Figure 4.8.2 TRIR spectrum obtained 10(J.s following laser flash photolysis of 
Mn(CO)4-r|6-C3H4-'n6-C6H5-Cr(CO)3 in n-heptane under 2.0 atmospheres of argon.
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It is proposed that the photochemistry is centred on the chromium system. 
This would corroborate the results obtained in a photochemical study by A. Wnght et 
al [14] where Mn(CO)4-T|3-C3H4-T|6-C6H5-Cr(CO)3 was photolysed in the presence 
of the PPh3 ligand; yielding exclusively the chromium substituted species Mn(CO)4- 
Ti3 -C3H4-T]6-C6H5-Cr(CO)2(PPh3), reaction 4 9 1 This study indicates that 
chromium is the more photochemically labile centre in this dinuclear complex; as net 
photosubstitution generally occurs at the site from which CO was extruded in the 
primary photoprocess[15]
4.9 Discussion
attributed to a carbonyl loss product of the Cr centre This species may undergo an 
intramolecular rearrangement by rotation of the C-C single bond, thereby allowing 
the chromium centre to interact with the manganese and abstract a CO ligand to 
return to coordinative saturation The manganese centre may concomitantly undergo a
produced. The rate of such a intramolecular transformation would be independent of 
parent or CO concentration; as observed in the experimental work conducted. The
Reaction 4 9 1
As with photolysis of (T]6-arene)Cr(CO)3 the first observed species is
T|3 to r|5 rearrangement to stabilise the new coordinatively unsaturated fragment
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thermodynamic parameters determined for the decay of the primary photoproduct are 
consistent with this ummolecular process The energy and enthalpy of activtion are 
lower, by approximately 7 kJ mol"1, than those determined for the reaction of (T|6- 
benzene)Cr(CO)2(S) with CO, indicating that less energy is necessary for the
ummolecular process than is required for a recombination reaction with CO. The 
negative values of AS^ are consistent with a more ordered transition state for this 
reaction. These reactions are illustrated in Scheme 4 9 1.
SCHEME 4 9.1
Mn(CO)4 M n(C O h
- hv_^ /rS \—A
-co
Cr
/  \  
O C  CO
Intramolecular Kobs = 4 7 x 105 s' 1
Mn (C 0 )3
/
OC I c o
CO
The TRIR spectrum recorded m n-heptane solution at lOjLts after the laser flash 
exhibits depletion of all parent absorptions in the region of analysis. The proposed
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reaction scheme is consistent with these results The initial labilisation of a CO ligand
at the Cr centre, with a rearrangement and the loss of a CO at the Mn centre would 
result in the depletion of the vco at both sites The formation of an intramolecular
product therefore ultimately requires the abstraction of CO from both metal centres.
The TRIR results indicated that the photochemical reactions occunng were complex, 
and further experiments are necessary to assign the exact nature of the vc0 bands
The third observed species is difficult to assign The fact that it is not 
observed under CO atmosphere suggests that it is a secondary photoproduct formed in 
a competitive reaction in which its precursor may react with CO or form this product. 
This behaviour reflects that observed on flash photolysis of Mn(CO)4-Ti3-C3H4- 
C5H5 and may indicate that photolysis products of both metal centres are produced
on photoexcitation The formation of impurity complexes cannot be eliminated as a
possibility in these reactions A transient species observed in solutions in which the
liquid-pumping procedure was deemed to be inadequate, is assigned to such an
impunty product It was observed that the decay of the first species was more nearly
baseline resolved as the degree of liquid-pumping was increased The presence of a
solvent impurity, e g water, may not influence the intramolecular reaction, as the rate
of this reaction has been shown to be independent of any ligand concentration
present It is unlikely that a dinuclear species, of the form observed in the 
photoreactions of ( t|6 -a re n e )C r(C O )3  complexes, is formed in these reactions; as the
extreme bulk of the dinuclear complex should stencally inhibit such a reaction It is 
also unlikely that scission of the dinuclear complex into separate portions occurs, as
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this is only observed in dinuclear complexes containing a M-M bond to produce 
radical species.
4.10 Conclusions
Photolysis of Mn(CO)4-Ti6-C3H4-T]6-C6H5-Cr(CO)3 in cyclohexane solution 
produced evidence for the formation of at least three transient species The first 
transient species was attributed to a CO-loss product of the chromium centre The 
formation of the second observed species occured by means of an intramolecular 
reaction of species 1, the rate of which was independent of both CO and parent ligand 
concentration The nature of this reaction involved rotation about the C-C bond of the 
allyl group with abstraction of CO from the Mn centre and concomitant T|3 to T|^  
rearrangement to stabilise the coordinatively unsaturated fragment produced. A third 
transient species of unknown ongin was also observed m these studies.
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Chapter 5
Laser Induced Photochemistry o f (t|5-C5H5)V(CO)4
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have received much attention as versatile compounds in coordination chemistry,
oxidative-addition reactions and metal promoted organic synthesis[l] Attractive
results have been obtained also in the field o f dinitrogen fixation by using the 
manganese denvative (r|5 -C5H5)M n(CO)3 [2] The lability o f the vanadium analogue
(r|5-C5H5)V(CO )4 towards photosubstitution is w ell docum ented[3-10] A  recent
study in frozen gas matrices at ca 12K has provided infrared spectroscopic evidence 
that irradiation o f (t|5 -C5H5)V(CO)4 results in two types o f reversible p ro cessesfll]. 
One process, in Ar and CH4 matrices, was photoejection o f CO to yield the species 
(ri5-C 5H5)V (C O )n (n = l-3 ) The second process, in Ar, CH4, N 2 and CO matrices,
was proposed to involve a change m the ring hapticity with the formation o f (n 3- 
Cp)V(CO)4 and probably (ri3-Cp)V(CO)5 in CO matrices The relative proportions
o f  each photoproduct was found to exhibit a wavelength dependancy Such a 
possibility that a C5H5 ring could change its hapticity, e g reversible to T|3 (nng
slippage or partial dechelation), has been suggested for (r|5 -C5H5)Co(CO)2 in a CO
m atnx[12] Although the photochemistry o f (t]5-C5H5)V (C O )4 has been investigated
in the presence o f coordinating species, for example H 2[13], there are no published
accounts, to date, o f investigations into the photochemistry o f ('n^-C5H5)V(CO)4 m
room temperature solution in the absence o f excess ligand or coordinating solvents 
Previous known studies[14,15] have been hampered by difficulties o f experimental 
irreproducibility This chapter presents the results obtained in a senes o f experiments 
designed to study the photochemistry o f (ti5 -C5H5)V(CO )4 in cyclohexane solution
5.1 Introduction
The monocyclopentadienyl carbonyl complexes of transition metals
investigate the reported wavelength dependancy
5.2 E lectron ic Spectrum  o f  (n5 -C gH g)V (C O )4
The U V /vis absorption spectrum of (ti5-C 5H 5)V (C O )4 in cyclohexane 
solution is given in Figure 5 2 1 The spectrum o f (t|5 -C5H5)V(CO )4 is dominated by 
absorption bands in the UV region centred at 280nm  and 366nm with a weak 
absorption in the blue region o f the spectrum at ca 410nm . The long wavelength  
band could possibly be a d—>d transition while those bands at higher energy are 
likely to be V --> ti*CO CT tra n sitio n s[ll,l6]
at room temperature. Different laser excitation wavelengths were utilised to
Figure 5.2.1 UV /vis absorption spectrum o f a 2 0 x 10' 4 mol dm "3 solution o f (T]5- 
C5H5)V(CO )4 in cyclohexane
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5.3 Experimental M odifications
Additional sample preparation stages were introduced to lim it the number o f
possible experimental parameters leading to irreproducibility Cyclohexane solvent 
was distilled from L1AIH2 and stored in an air-tight bottle over 4A  molecular sieve.
(t|5 -C5H5)V(CO)4 was sublimed using a microsublimation apparatus with a liquid 
nitrogen 'cold-finger' prior to use The cell was surrounded by aluminium foil at all 
times to shield the sample from all stray light which could cause photodecomposition  
pnor to laser flash photolysis A sample o f dry cyclohexane was admitted to the 
reaction cell and flushed with CO for at least 10 minutes, providing a CO saturated 
solution over which there was a positive pressure o f CO This was earned out m order 
to m inim ise photodegradation by decarbonylation o f the starting m atenal. A 
microgram quantity o f sample was added, on dissolution the cell was attached to the 
vacuum line and degassed by four cycles o f a 'freeze-thaw' degassing procedure 
fo llow ed by a liquid pumping stage at room temperature A ll expenm ents were 
performed under CO atmosphere to m inim ise sample decomposition
5.4 Preliminary Experimental Observations
The laser flash photolysis o f (r|5 -C5H5)V(CO )4 m cyclohexane provided
evidence for the formation o f at least three transient species In some expenm ents 
only one pnmary photoproduct was observed, whereas in other expenm ents the 
formation of both a pnmary and secondary photoproduct was noted. The rates o f  the 
pnm ary photoproduct produced in both cases differed markedly such that it was 
concluded that both primary photoproducts could not be attnbuted to the same
227
species The experimental results are therefore divided into two distinct senes o f
results and are presented and summarised accordingly 
5.5 O bservation  o f  a Possib le (n3 -C gH c)V (C O )4 Species
5.5.1 355nm Laser Flash Photolysis o f (nSzCgHgW fC O ^  with UV/vis 
M onitoring
On 355nm  photolysis o f a 7 15 x 10"4 mol dm ' 3 solution o f (t|5- 
C5H5)V(CO )4 in cyclohexane (£354nm = 2270 dm3 m ol-1 cm -1) a single
photoproduct was observed to form within the laser flash The lifetim e o f this species 
decreased on increasing the concentration o f CO present in solution w hile the yield  o f  
this species was relatively unaltered, Figure 5 5 1 1  This indicates that the 
photoproduct is a primary photoproduct capable o f reacting with CO The second  
order rate constant for the reaction o f this species with CO was calculated to be 5 6 x 
103 dm3 m ol"1 s' 1 A typical primary photoproduct transient signal monitored at 
270nm  is shown in Figure 5 5 1 2
The rate o f reaction of this primary photoproduct with C O  is very much 
different to that expected for a coordinatively unsaturated carbonyl loss product, the 
rate o f the recombination reaction o f the analagous com plex ( r | 6 - b e n z e n e ) C r ( C O ) 3
with CO has been measured as 6 7  x 10^ dm3 m ol"1 s"1 Rest et al assigned the 
species formed on long wavelength photolysis o f (r|5-C5H5)V(CO )4 m all matrices 
as the (r|3-C5H5)V(CO)4 species [11] This species coordinated CO present m the
matrix to fill the vacant coordination site on the com plex, reaction 5 5 1.1 
hv +CO
(Ti5Cp)V(CO)4  > Cn3Cp)V(CO)4  > (T!3Cp)V(CO)5 (5 5 1 1 )
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Therefore, the primary photoproduct observed in this case may be attributed most 
plausibly to such a hapticity change product
100 
80 
60 
40 
20 
0
0 0 003 0 006  0 009 0 012 0 015
[CO] m o l  d m - 3
rcoi mol dm ' 3 k0b s s * Absorbance®
0 006 46 1 0 165
0 012 79 8 0 184
k[c0] = 5 6 x 103 dm3 m ol' 1 s ' 1 
Intercept = 15 94 s ' 1
F igure 5.5.1.1 The observed rate constants (cm '1) for the decay o f  the primary 
photoproduct at 298K  at varying CO concentration (m ol dm '3) ^Ofis after the laser 
flash.
ko bs  s - 1
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p?0 w" iy
Figure 5.5.1.2 Transient for the decay o f the primary photoproduct observed at 
270nm
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The U V /vis difference spectrum of the primary photoproduct recorded under 
0 5atm CO from 270 to 620nm  at 320ns after the laser flash has maxima at 290nm  
and 415nm , Figure 5 5 1 1 1  The valley in the U V /vis absorption spectrum of  
C5H5)V(CO)4 (Figure 5 2 1) corresponds to the maximum at 290nm  for the primary
photoproduct, also the band maximum at 366nm in the U V /vis absorption spectrum  
o f  (r|5 -C5H5)V (C O )4 corresponds to a valley in the difference absorption profile o f
the photoproduct The spectrum recorded follow ing the decay o f this species at 
1200p.s after the laser pulse is also given It exhibits a single peak at 300nm  and a 
depletion m the region 340nm  to 530nm  This depletion indicates that the primary 
photoproduct is reacting with parent thereby further depleting the parent absorption in 
this region.
Absorbance
5.5 .1. 1 IJV/vis Difference Spectrum o f Primary Photonrodnct
W avelength (nm )
F igure 5.5.1.1.1 U V /vis difference spectra recorded o f the primary photoproduct 
recorded at 320p.s and 1200|is after the laser pulse under 0 5atm CO
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In order to confirm that the formation of the first observed species was as a 
result o f a single photon event, an experiment was performed where the intensity o f  
the laser pulse was vaned The absorbance o f the photoproduct should vary linearly 
with the power o f the laser This was found to be the case, as is shown in Figure 
5.5 .1 .2 .1 , where the relative power o f the laser is plotted against the absorbance o f  the 
primary photoproduct present at 400 |is  after the laser flash
5.5.1.2 Effect o f Laser Power on Concentration o f Primary Photoproduet
Absorbance
Laser Energy (mJ)
Figure 5.5.1.2.1 Plot showing the variation in absorbance o f the primary 
photoproduct species with relative laser power.
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The observed rate o f decay o f the primary photoproduct at various 
concentrations o f parent (r|5 -C5H5)V(CO)4 i s  given in Table 5 5 1.3 1. There is no
apparent trend in these results However the rate constant vanes greatly from sample 
to sample The 'scatter' o f these points about a constant value is well outside 
acceptable limits (±10% ) These results highlight the irreproduciblity encountered 
with this system despite all efforts taken to reduce experimental vanations and sample 
decom position These results also have important implications for the rate data 
presented earlier Care must then be taken in the interpretation of expenm ental data as 
any rate constant data acquired cannot be taken as absolute
T able 5.5.1.3.1 Summary o f the observed rate constants for the decay o f the pnmary 
photoproduct, ^C O ] = 1 2 x 10"^ mol dm"3 (average k0bs = 189 8 ±  215.6 s '1), 
^[CO] = 0 6 x 10'2 mol dm ' 3 (average kobs = 96 4 ± 112 1 s ' 1)
5.5.1.3 Experimental Irreproducihilitv
[(ti5-C5H5)V(CO )4 ] mol dm ' 3 ^obs s a^ ^ o b ss ^
2 07 x 10' 4 501 0 258 4
3 13 x 10' 4 17 5 4  1
4 3 2 x  10' 4 160 7 77 1
7 15 x 10' 4 79 8 46 1
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Preliminary studies performed utilising 266nm  irradiation revealed a possible  
wavelength dependancy in the photochemistry o f (T|5 -C5H5)V(CO )4 On 355nm  
laser flash photolysis o f a 2 1 x 10 '4 mol dm ' 3 sample o f (ti5-C5H5)V (C O )4 m 
cyclohexane a primary photoproduct was observed at the monitoring wavelength o f  
270nm. The second order rate constant o f this species with CO was calculated to be
4 .04  x 104 dm3 m ol" 1 s' 1 Tins solution was then studied using 266nm  irradiation 
(e266nm = 11520 x 104 dm3 m ol‘ 1 c m 'l)  and the second order rate constant o f  the
primary photoproduct with CO was calculated to be 2 5 x 104 dm3 m o l'l  s ' l  A  
slight difference in the second order rate constants for the reaction o f the primary 
photoproduct species with CO was therefore observed on altering the irradiation 
wavelength, Table 5 5 2 1
In a subsequent study a primary photoproduct with a second order rate 
constant for reaction with CO of 7 42 x 103 dm3 m o l'l S-1 was observed on 266nm  
laser flash photolysis o f a 1 5 x 10' 4 mol dm ' 3 solution o f (r|5-C5H5)V(CO )4 in
cyclohexane The UV /vis difference spectrum o f this species was recorded from  
270nm  to 540nm  under 1 0 atmosphere o f CO, Figure 5 5.2.1 An absorption 
maximum is observed at 320nm with a shoulder on the low  energy side o f this 
absorption centred at ca 390nm The resolution o f the shoulder absorption band is 
increased in spectra recorded at longer time intervals after the laser flash, e.g. 
51200 |is This spectrum is markedly different from that recorded for the primary 
photoproduct utilising 355nm laser irradiation
5.5.2 266nm Laser Flash Photolysis with UV/vis M onitoring
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T ab le 5.5.2.1 The observed rate constant for the reaction o f the primary photoproduct 
com plex at 298K  at varying CO concentration (mol dm '3) and laser irradiation 
wavelength
rcoi mol dm ' 3 ^obs s ^
355nm irradiation 266nm  irradiation
0 006 258 4 143 8
0 012 501 0 293 7
Absorbance
Wavelength (nm)
Figure 5.5.2.1 UV/vis difference spectra o f the primary photoproduct recorded at 0(is 
and 51200 |is  after the laser pulse under 1 0 atm CO utilising 266nm  laser irradiation.
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On 355nm  photolysis o f a 5 34 x 10' 4 mol dm -3 solution o f Cn^- 
C5H 5)V (C O )4 in cyclohexane at least two photoproducts were observed. An initial
grow-m was observed over very short timebases, the rate o f which was accelerated on 
increasing the concentration o f CO present in solution This indicates that this species 
was a primary photoproduct capable o f reacting with CO The second order rate 
constant for this reaction was calculated to be 9 2 x 10  ^ dm3 m o H  s ' l ,  Figure 5.6.1. 
A  second species was formed from this initial photoproduct, the yield o f  which 
decreased on increasing the concentration o f CO present in solution while the rate o f  
decay o f this species was relatively unaltered This indicated that it was a secondary 
photoproduct in the system, Figure 5 6 2 Typical transients for the primary and 
secondary photoproduct transient species are shown in Figures 5 6.3 and 5.6 .4  
respectively
The rate constant for the reaction o f this transient species with CO is very 
much different from that attributed to the (t |3-C5H5)V(CO)4 species The second
order rate constant with CO, o f 9 2 x 10  ^ dm3 mol"l s'* , is significantly larger in this
case and resembles more closely the reaction of a carbonyl loss product with CO; for 
example the rate o f reaction o f (ri6-CgEt5)Cr(CO)2 (S) with CO is reported as 4  4  x 
lO? dm3 m ol‘ 1 s 'l[1 7 ]  Photolysis o f (T|5 -C5H5)V(CO )4 in frozen gas matrices at
ca 12K produced IR spectroscopic evidence for the loss o f CO as a primary 
photochemical path w ay[ll] Photolysis o f Cn5 -C5H5)V(CO )4 and H2 in solution at
both cryogenic and room temperatures gave rise to IR bands attributed to a single 
com plex Cn5 -C5H5)V (C0 3 )(H 2) [ 13 ] This species was produced by loss o f a CO
5.6 O bservation o f a Possible (nS-GeHgM C O t y Sl Species
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ligand to produce the coordinatively unsaturated 16e" com plex (n 5 -C5H5)V(CO )3 
with subsequent coordination of H2 The 16e' coordinatively unsaturated species o f  
M(CO)5 (M=Cr, Mo, or W) com plexes are recognised as coordinating to solvent
m olecules in solution photolysis[ 18] The rate o f this coordination has been measured, 
using picosecond spectroscopy, to occur within lp s o f the flash in alkane solvent[19]. 
This primary photoproduct is therefore most plausibly assigned to the com plex (r|5. 
C5H5)V(CO )3 (cyclohexane) formed by loss o f a single CO ligand. This species is
probably formed within the duration of the flash (10ns) as in the case o f the Group 
VIB pentacarbonyl solvated species The reaction is summarised in reaction 5 6 1
hv S
CpV(CO)4 -..............> CpV(CO)3 + C O  > CpV(CO )3 (S) (5 6 1)
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Icobs x 1CT6 s-1
(CO) mol dm -3
fCOl mol dm ' 3 ^ o b ss ^
0 006 9 40 x 105
0 012 1 49 x 106
k[co] = 9 2 x 107 dm3 m o l'l s ' l  
Intercept = 3 9 x 10  ^ s'*
Figure 5.6.1 The observed rate constants ( s ' l )  for the reaction o f the primary 
photoproduct at 298K  at varying CO concentration (mol dm '3)
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kobs x 10~3 s—1
3 -----------------------------
2  5  - 
2 -
1 - 
0 5-
0   1 1 1 1------------------
0  0  0 0 3  0  0 0 6  0  0 0 9  0  0 1 2  0  0 1 5
[CO] mol d m - 3
[CO] mol dm-3 ^ o b ss * Absorbance^
0 006 1568 12 05 x lO-2
0 009 1602 8 93 x 10-2
0 012 1444 7 99 x 10-2
Figure 5.6.2 The observed rate constants ( s ' l )  for the decay of the secondary 
photoproduct at varying concentrations o f CO (mol dm-3) at 298K . a Y ield 0|lls after 
the laser flash
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Figure 5.6.3 Transient signal for the reaction of the primary photoproduct observed 
at 420nm  to generate a secondary photoproduct, [(r|5-C5H 5)V(CO )4] = 5 .34 x 10"4
m ol dm '3
Figure 5.6.4 Transient signal for the decay o f the secondary photoproduct monitored 
at 440nm , [(ti5-C5H5)V(CO)4] = 5 34 x  10'4  mol dm '3
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The U V /vis difference spectra recorded from 410nm  to 650nm at 0(ls and 
10|is after the laser pulse under 0 5atm CO are given in Figure 5 6 1.1 The spectrum  
recorded at 0(is after the laser flash exhibits an absorption maximum at 420nm  in the 
visible region The spectrum recorded on formation o f  the secondary photoproduct, at 
10(is after the laser flash, displays an absorption maximum centred at 440nm  The 
absorption at longer wavelengths is very weak Sample decomposition occured during 
the course o f this experiment
5.6.1 UV/vis Difference Spectra o f Primary and Secondary Photonroducts
Absorbance
Wavelength (nm)
Figure 5.6.1.1 UV /vis difference spectra ot the primary and secondary photoproducts 
recorded at 0(is and 10(is after the laser pulse under 0 5atm CO
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5.6 .2  D ependance o f Secondary P hotonroduct D ecay R ate on i(n 5 -
C5lÌ5)Y(.CO)4]
The rate o f decay of the secondary photoproduct at 440nm  was observed to 
exhibit an approximate dependance on parent (ti5-C5H 5)V (C O )4 concentration;
Figure 5 6 2 1, Table 5 6 2 1 The rate o f  reaction o f  this species was found to 
increase linearly with increasing (r|5-C5H 5)V(CO )4 concentration The second order
rate constant for this reaction was calculated to be 3 54 x 10^ dm 3 mol"* s ' l  This 
dependence indicates that the decay o f this species involves a reaction with the parent 
m olecule There is a large degree o f scatter in these points as indicated by the 
correlation coefficient o f only 0 903
T ab le 5.6.2.1 The rate constants ( s ' l )  for the decay o f the secondary photoproduct at 
differing initial concentrations o f (tì5-C5H 5)V (C O )4 (m ol dm '3) in cyclohexane
[(ti5-C5H5)V(CO)4] mol dm '3 ^obs s ^
3 66 x 10'4 818
5 34 x 10'4 1568
5 60 x 10'4 1745
6 62 x 10'4 1948
6 88 x 10'4 2467
7 72 x 10'4 2820
8 92 x 10'4 2415
k[CpV(CO)4] = 3 5 x 1 06 ± 0 8 x 1 06 dm3 m o l'1 s ' 1 
Intercept = -294 3 ± 316 1 s' * Corr C oeff =  0 903
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kobs s-1
(CpV(CO)4) x 1CT-4 mol dm-3
Figure 5.6.2.1 Plot of (s'*) for the decay of the secondary photoproduct against 
the initial concentration o f (r|5-C5H 5)V(CO )4 (mol dm"3) in cyclohexane
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5.7 Décomposition Studies
Frequently, (ti5-C5H 5)V(CO )4 samples prepared for laser flash photolysis
decom posed prior to the 'freeze-thaw' degassing stage The U V /vis spectrum of
samples which had not decom posed was monitored at regular intervals throughout the
laser flash photolysis experiment It was observed that the system was not always
fully reversible, even under CO atmosphere, 1 e the initial and final U V /vis spectra,
recorded on comm encement and completion of the experiment respectively, were not
always identical Typical UV /vis spectral changes recorded thoughout the laser flash 
photolysis o f a 8 47 x 10"4 mol dm"3 solution o f (r|5-C5H 5)V(CO )4 in cyclohexane
under 0 5atm CO are given in Figure 5 7 1 A gradual decrease in the absorbance o f  
(ti5-C5H 5)V (C O )4 is observed with concomitant growth o f a new species. The
spectrum o f the species formed is dominated by absorption bands centred at 280nm  in 
the UV region and 448nm  in the visible region, with a shoulder on the high energy 
absorption centred at ca 350nm, Figure 5 7 2 The long wavelength band could  
possibly be a d—>d transition Those bands at higher energy are likely to be V  —> 
rc*CO CT transitions[ll,15] In some decomposition studies isosbestic points at 
420nm  and 358nm were maintained throughout this transformation indicating that the 
process was uncomplicated by side or subsequent reactions A clear visual indication 
o f this decomposition during the expenm ent was a change in colour o f the sample 
solution from orange to green as the expenm ent progressed, indicating the production 
and build-up o f a long-lived product in solution The U V /vis spectrum o f this product 
appears to correspond to that o f the secondary photoproduct observed earlier, the rate 
o f production ot which displayed a possible dépendance on parent concentration
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Figure 5.7.1 Typical U V /vis absorption spectral changes observed throughout the 
laser flash photolysis o f a 7 68 x 10'4 mol dm '3 solution o f  Cn5-C5H5)V(CO)4 in
cyclohexane
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F igure 5.7.2 U V /vis absorption spectrum of the decomposition product in
cyclohexane
5.8 Discussion
The results obtained from this series o f experiments are plagued by
irreproducibility, hence difficult to interpret Further studies were not undertaken
because o f the irreproducibility encountered There are a number o f reasons which
may be proposed to account for the experimental inconsistencies
(1 ) The interference o f dissolved solvent impurities on the lifetim es o f the transient
species The effect o f liquid pumping on the level o f solvent impurities had not been
investigated at the time these experiments were performed. The liquid-pumping stage
may have been inadequate with a resultant inter-sample variation Experiments 
reported on the photochemistry o f (r|5-C5H 5)V(CO )4 were performed in the presence
o f excess ligand[3-10,13] or in the stabilising influence o f a m atr ix [ll] Both these 
situations are less sensitive to trace amounts o f impurities in the system
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Both a 'nng-slippage' and carbonyl loss product were reported m a previous 
study into the photochemistry o f (r|5-C5H5)V(CO )4[ l l ] .  On irradiation with light o f
wavelength 320nm  to 390nm Rest et al noted the production o f both the 
decarbonylation and ring-slipped species The 355nm  N d3+ YAG laser excitation 
used in the majority o f these experiments lies in this wavelength range, consequently 
the formation of both species may be expected 
(3 ) The formation o f  photosensitive dinuclear com plexes in solution 
Experimental studies performed by Lewis and Caulton have shown that (r|5- 
C5H5)2V 2 (CO)5 is formed from the photochemistry o f (n 5-C5H5)V(CO )4 in
TH F[20]. Unfortunately, no UV /vis spectral data for this species is presented, (rj^- 
^ 5^ 5)2V 2 (CO)5 is an isolable com plex[2 1 ] and is itself photosensitive[20]
Dissociation of CO is known to be the first step in the photoreactions o f (r|5- 
0 5^ 5)2X^ 2 (00)5  eventUally leading to the reformation o f (r|5-C5H5)V(CO )4,
reaction 5.8 1 [20]
hv + C O
Cp2V 2 (CO)5 -------> Cp(OC)3V=V(CO)2C p ------- > 2CpV(CO )3  > 2CpV(CO )4
(5 8 1)
(where Cp = T15-C5H5)
(ti5 -C5H5)2V2 (CO)5 also undergoes spontaneous thermal decomposition at 298K  in
alkane and donor solvents to regenerate (ri5 -C5H5)V(CO )4 *3CO experiments have
shown the pentacarbonyl to be in equilibrium with (rj5-CgH5 )2V 2 (CO)4 and CO in
solution, reaction 5 8 2
(2) The production of multiple primary photoproducts
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From the above observations it is apparent that the formation o f (r|5- 
£-5^ 5)2^ 2 (00)5  in solution greatly complicates the number o f  possible
photochemical pathways
Tentative assignments o f the transient species were made based on the
experimental results to date The first primary photoproduct observed is assigned to 
that o f the (r|5-C5H5)V(CO )3(S) species The rate constant for the reaction o f  this
species with carbon monoxide, 9 2 x 10^ dm3 mol"l s ' l ,  is very much faster than that 
measured for the reaction of substituted (r|6-arene)Cr(CO)3 with CO in cyclohexane,
Table 5 8 1 The extreme reactivity o f this species may perhaps explain the 
difficulties encountered with impurities in the system. Although extrem ely reactive, 
the second order rate constant for the reaction of this species with CO is not as fast as 
that recorded for the reaction o f Cr(CO)5 (S) with CO in perfluoromethylcyclohexane
solvent[18], Table 5 8 1
Cp2V2(CO)5 „  ^  CO + Cp2V2(CO)4 ---------- > products (5 8 2)
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Table 5.8.1 A comparison of the second order rate constants for the reaction of
solvated carbonyl loss products with CO with that of the proposed (t|5-
C5H5)V(CO)3(S) species ^Reference 17 ^Reference 18
Complex Solvent k[co] dm3 m ol'* s ' l
(ri6-benzene)Cr(CO)2 (S) c 6h 6 6 7  x 106 ± 0  6 x  106
(rj6- i , 3 ,5 -mesitylene)Cr(CO)3 c 6h 6 1 3 x 107 ±  0 7 x 105
(Ti6-C6Et6(7i6-Cr(CO)2 (S)tf c 6h 6 4 4 x 107 ±  5 0 x 106
(ti5 -C5H5)V(CO )3 (S) species c 6h 6 9 2 x 107 ±  1 0 x 107
Cr(CO)5 (S)*> C7F 14 3 O x  109 ± 3  O x  108
The secondary photoproduct formed by reaction o f the above primary 
photoproduct is most plausibly assigned as the dinuclear com plex (rj^- 
C5H5)2V2(CO)5 Although Lewis and Caulton[20] have shown that formation of 
(ti5-C5H5)2V2 (CO)5 from (ti5-C5H5)V(CO)4 in donor solvents requires two 
distinct photochemical steps, dimer formation may be accelerated in the absence of 
donor solvent to stabilise the photoreactive carbonyl loss product and the overall 
reaction sequence may differ markedly
The build-up in solution of a decomposition product o f green colour may be 
attributed to the formation of one o f two species, (r|5 -C5H5)V (C O )3(S) or (r|5- 
C5H5)2V2(CO)5 It is unlikely that this photodegradation product anses from the 
former species A green species identified as (r|5-C5H5)V (C O )3 (THF) was produced
in experiments perfoim ed by Lewis and Caulton, however, the absorption spectrum
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o f  (r|5 -C5H5)V(CO )3(cyclohexane) would be expected to be shifted relative to this 
by virtue o f the non-donating capacity o f cyclohexane Cn5 -C5H5)V(CO )3 (THF) was 
shown to revert to (T|5-C5H5)V(CO )4 on addition o f CO to the reaction cell, as all
expenm ents described here were performed under CO atmosphere it is unlikely that a 
build-up o f ('n5 -C5H5)V(CO )3 (cyclohexane) would occur in solution. (r|5-
^ 5^ 5)2^ 2 (00)5  produces an emerald green solution and is the species m ost likely to
be responsible for the colour change observed. This species is long-lived in solution, 
under atmosphere decomposition o f (T|5 -C5H5)2V2 (CO)5 in hexane began to be
detectable within 10 minutes[20] Regrettably, an unequivocable assignment o f  this
species is impossible as there is no reported absorption spectra o f this species in the
literature for comparison purposes On production o f this species the system  is no
longer photochemically reversible on the tim e-scale o f the flash photolysis
expenm ent, as evidenced by the UV /vis spectra recorded periodically throughout the
expenm ent Photochemical decomposition o f this dinuclear species with reformation 
o f (r|5 -C 5H5)V(CO)4 would interfere severely with the photochemical observations
o f  interest The level o f interference would increase with increased initial 
concentration o f parent tetracarbonyl com plex and increased photolysis o f the sample 
solution The secondary photoproduct species and the long-lived decomposition  
product may then be attributed to the same species, 1 e. (ti5 -C<jH5)2V2 (CO)5
Rest et al assigned the species formed on long wavelength photolysis o f (r)5- 
C5H5)V(CO )4 in all matrices as the (r|3-C5H5)V(CO )4 species [11] This species
coordinated CO present in the matrix to fill the vacant coordination site on the 
com plex Hence, both a decarbonylation and ring slipped product may react with CO
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and U V /vis spectra may reveal little structural information The primary photoproduct 
observed with a second order late constant for reaction with CO in the range 2 .4  x 
104 to 2.2 x 103 dm3 m o l'l s ' l  may be attributed to this hapticity change product. 
On altering the laser excitation wavelength to 266nm  it may be possible to induce 
either the production o f a hapticity change or carbonyl loss product or to vary the 
relative amounts o f either species produced, hence the observation that the 
photochemistry differed on altering the laser irradiation wavelength from 355nm  to 
266nm  N o experiments w eie earned out by Rest et al at wavelengths shorter than 
320nm  so no experimental comparisons may be drawn
5.9  C onclusions
Very little can be deduced conclusively from this series o f expenm ents. The 
irreproducibility o f the experimental results does not permit the proposal o f  a reaction 
schem e The irreproducibility may be accounted for by the presence o f solvent 
impurities and/or the formation o f multiple primary photoproducts and dinuclear 
species The results appear to confirm the proposed wavelength dependancy m the 
photochemistry o f (r|5-C5H5)V(CO )4 proposed by Rest et al The photochemical
reactions are irreversible on the tim e-scale o f the laser flash photolysis expenm ents as 
the build-up o f a species assigned to the dinuclear com plex (T|5 -C5H5)2V 2 (CO)5 is
noted in solution
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Chapter 6
Experimental Section
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6.1 M aterials
The follow ing materials were used without further purification, 
(benzene)Cr(CO)3 , Cr(CO)6 and W (CO)g (Strem Chemicals); CgM eg (Aldnch
Chemical C o ), argon (air products L td ), carbon m onoxide (Irish Industrial Gasses 
Ltd., technical grade, B O C CP grade), cyclohexane and pentane (A ldnch Chemical 
C o , spectroscopic grade), p-xylene (Riedel de Haen), acetom tnle (Lab-Scan 
Analytical L td , HPLC grade), n-heptane (Aldrich Chemical C o , HPLC grade). 
M n(CO)4-r|3-C3H4-C6H5-Cr(CO)3 and Mn(CO)4-T|3 -C3H4-C6H5 were obtained
from Dr Anthony W nght, University o f Nottingham, and used as received.
Toluene (Aldnch Chemical Co , analar grade) was boiled over L1AIH4 for 3
hours, distilled and stored over sodium wire M esitylene (A ldnch, gold label) was 
dned over sodium wire
6.2 Equipment
U V /vis spectra and absorbance readings were obtained on a Hewlett-Packard 
8425a diode-array spectrometer using quartz cells o f pathlength 1 Ocm Peak 
positions are accurate to ± 2nm IR spectra were recorded on a Perkin Elmer 983G  
grating spectrometer Peak positions are accurate to ±  3cm ' 1 A ll infrared spectra 
were recorded in pentane unless otherwise stated M icroanalyses were performed by 
University College Dublin M icioanalysis Laboratory Preparative photolyses were 
performed using an Applied Photophysics 400W  medium pressure mercury vapour 
lamp
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Preparative photolysis was carried out in a photoreactor as m Figure 6 3 1. An 
Applied Photophysics 400W  medium pressure mercury vapour lamp was used as the 
irradiation source The lamp was housed in a double-walled quartz jacket through 
which water was circulated to cool the lamp and prevent heating o f the photolysis 
solution The external vessel contained the solution to be irradiated The photolysis 
solution was 'purged' with argon for 15 minutes prior to photolysis to remove air from  
the solution Carbon monoxide liberated during the photolysis was removed by 
bubbling argon through the solution
6.3 Photolysis Apparatus
F igure 6.3.1 Photolysis apparatus used in the synthesis o f subsututed metal carbonyl 
com plexes
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6.4 Syntheses o f (n6-arene)Cr(CO )? Complexes
The (r|6-arene)Cr(CO)3 com plexes were prepared according to literature
procedures[l] All manipulations were carried out under argon
6.4.1 Synthesis o f (n6-toluene)Cr(CO )3
0 5g o f Cr(CO)6 was added to 100ml o f degassed toluene in a round-bottomed
flask and heated to reflux temperature for 94 hours On cooling, the excess toluene 
was removed under reduced pressure The impure (r|6-toluene)Cr(CO)3 was
recrystallised from petroleum spirit 60/80 at -20°C  The purified material was air-
stable in the crystalline form Compound purity was venfied  as satisfactory by
microanalysis and infiared spectroscopy, calculated % (experimental %), C 5 2  64 
(52 0 8 ) ,  H 3 53 (3 54) IR v c0 in pentane, 1980(s), 1913(s) c m 'l
6.4.2 Synthesis o f (n6-p-xvlene)Cr(CO )3
0 5g o f Cr(CO)g was added to 100ml of degassed p-xylene in a round-
bottomed flask and heated to reflux temperature for 90 hours On cooling the excess
p-xylene was removed under reduced pressure and the product crystallised out o f  
solution The impure (Ti6-p-xylene)Cr(CO)3 was recrystallised from diethylether at -
20°C  The purified material was air-stable in the crystalline form Compound purity
was venfied  as satisfactory by microanalysis and infrared spectroscopy, calculated % 
(expenmental %), C 5 4  55 (54 05), H 4 16 (4 31) IR v co m pentane, 1978(s),
1909(s) cm 'l
6.4.3 Synthesis o f (V|6-l.3.5-m esitvIene)Cr(CO)3
0 2g o f Cr(CO)6 was added to 20ml o f degassed dry m esitylene in a round- 
bottomed flask and heated to leflux temperature for 24 hours Som e (ti^-1,3,5-
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m esitylene)C r(C 0)3 had sublimed at an outlet o f the flask during this period, the
yellow  crystalline product was collected and did not require further purification The
isolated material was air-stable in the crystalline form Compound purity was verified
as satisfactory by microanalysis and infrared spectroscopy, calculated % 
(expenm ental %), C 56 25 (56 26), H 4 72 (4 56) IR v co in pentane; 1972(s),
1904(s) cm ‘ 1
6.4.4 Synthesis o f (n^-C fiM e^C rfC O ^
0 5g o f Cr(CO)6 was photolysed in 100ml o f degassed acetom tnle for 22
hours. This solution was transferred to a round-bottomed flask and heated to reflux 
temperature for 52 hours On cooling, 0 5g o f CgM eg was added and the solution
heated to reflux temperature foi a further 21 hours Excess solvent was removed  
under reduced pressure The impure (r|6-C6Meg)Cr(CO)3 was recrystallised from
diethylether at -20°C  The punfied material was air-stable in the crystalline form. 
Compound purity was verified as satisfactory by microanalysis and infrared 
spectroscopy, calculated % (expenmental %), C 60 40 (60 88), H 6 08 (6.20) IR v co
in pentane, 1970(s), 1885(s) cm 'l
6.5 Sam ple Preparation
6.5.1 Laser Flash Photolysis with UV/vis M onitoring
Samples for flash photolysis were prepared in a fluorescence cuvette 
(d=10mm ) attached to a degassing bulb The absorbance o f the sample at the laser 
excitation wavelength was between 0 3 and 2 0 A U , the concentration o f  the 
carbonyl compound could then be calculated, by means o f  the Beer-Lambert Law, 
once the molar extinction coefficient o f the compound at the laser wavelength was
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known The sample solution was degassed by a minimum o f  three cycles o f  a freeze-
pump-thaw procedure, to 10'3 Torr, follow ed by a substanual 'liquid-pumping' stage
(if stated) to remove traces o f water and carbon dioxide introduced in the degassing
procedure A known pressure o f either argon or carbon m onoxide was then admitted
to the solution cell to a pressure o f 1 0 atmosphere The U V /vis absorption spectrum
o f the sample solution was monitored at regular intervals throughout each experiment.
These spectra typically showed minimal variations and thus minimal decomposition
o f the sample solution (even in cases where a 'stable' product was observed over the
time-domain o f the flash photolysis experiment) indicating a satisfactory thermal
reversibility o f the photochemical processes
In the experiments to measure activation parameters the sample cell was
immersed in a thermostated water bath and the temperature increased incrementally 
from approximately 2 8 IK to 313K  in 3-5K  intervals I0 was measured at the
monitoring wavelength and the system readied for analysis pnor to the sample being 
heated so that transient data could be recorded imm ediately on removing the sample 
from the water bath At every analysis temperature, the sample solution was allowed  
to equilibrate for ten minutes The temperature range used was limited by the freezing 
point o f the solvent (279K for cyclohexane) and the solubility o f carbon m onoxide in 
cyclohexane which could be expected to alter significantly as the temperature was 
raised greater than approximately 313K
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A quantity o f carbonyl com plex was weighed out, placed in the degassing  
vessel and 100ml o f solvent added such that the final concentration o f the solution 
was approximately 1 x 10'3 mol dm '3 The solution was degassed by continuous 
pumping on the solution under vacuum, it is estimated that, at most, l-2m ls o f solvent 
is removed by this procedure and this does not greatly alter the concentration o f  the 
sample After degassing, argon or carbon m onoxide, to a pressure o f 2 0 atmospheres, 
was added to the cell
6.6 L aser Flash Photolysis System
A schematic diagram of the laser flash photolysis instrumentation in Dublin 
City University is given in Figure 6 6 1 The excitation source is a Q-switched Nd- 
YAG  (neodimum doped yttrium aluminium garnet) laser (Spectron Laser System s) 
with a fundamental wavelength output at 1064nm which can be doubled, tripled or 
quatrupled to generate a second, third or fourth harmonic wavelength at 532, 355 or 
266nm  respectively The power o f the laser pulse can be varied by applying different 
voltages across the amplifier flash tube, typically the setting was maintained at 790V  
The maximum power output was 35mJ at 355nm  and 45 mJ at 266nm  excitation The 
pulse duration was 8-1 Ins
The monitoring light source was an air-cooled 275 watt Applied Photophysics 
xenon arc lamp, the monitoring and excitation beams were arranged in a cross-beam  
configuration The laser pulse was directed onto the sample cuvette via twin Pellin- 
Broca prisms A power meter, placed between the second prism and the sample, was 
used to trigger the oscilloscope At monitoring wavelengths greater than 350nm  a UV
6.5.2 Laser flash photolysis with TRIR detection
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filter (A. > 400nm  or X > 345nm) was placed between the xenon arc source and the
sample to minimise photolysis o f the sample by the m onitonng beam The beam
passed through the sample and was focussed via a circular quartz lens onto the
entrance slit o f  an Applied Photophysics f/3 4  monochromator containing a grating
blazed at 300nm The light detector was a Hamamatzu 5-stage photomultiplier
supplied by Applied Photophysics, which was operated at 850V  The signals were
captured either by a Phyllips PM 3311 storage oscilloscope, or a Hewlett-Packard
54510A  digitising oscilloscope and the data reduction was performed on a 286/287
based computer system using software developed in-house Transient data were stored
on disk for analysis, most measurements were the result o f averaging 3-6 transient
signals, in order to improve the signal-to-noise ratio
A laser flash photolysis experiment centres on the measurement o f absorbance
changes, a transient species is pioduced by the flash whose absorbance is recorded as
a function of time As
Abs = I0/It (6 6.1)
the amount o f monitoring light being transmitted through the solution before the laser 
flash, i e I0 , is recorded initially Tins value is obtained by recording the voltage
corresponding to the amount o f light detected by the photomultiplier tube when the
m onitonng source shutter is open, less the voltage generated by stray light; this 
voltage is directly proportional to the I0 value Transient kinetic data are obtained by
opening the m onitonng source shutter and firing the laser As the laser beam passes 
through the power meter it tnggeis the oscilloscope, the pulse then passes through the 
sample cuvette, pioducing a transient species The region o f the cuvette through
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voltage signal with time is detected by the photomultiplier tube at the particular
monitoring wavelength and recorded by the oscilloscope The amount o f light being 
transmitted at any time t (It) can be calculated from this information, and, as I0 has
been previously recorded, the values are readily converted to change in absorbance 
with time The transient signal recorded on the oscilloscope is stored on computer for 
future analysis, along with the timebase and voltage settings o f the oscilloscope. 
Typical traces are given in Figuie 6 6 2 By recording transient signals sequentially 
over a range o f wavelengths, absorbance readings can be calculated at any time after 
the flash to generate a difference absorption spectrum o f the transient species The 
term 'difference' implies that all absorbance readings are relative to the absorbance of 
parent material at a particular wavelength, hence the oscilloscope is set at a delay to 
enable the absorbance before the laser pulse to be determined
which the excitation beam passes is traversed by the monitoring beam The change in
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Power supply
Figure 6.6.1 Schematic diagram of the laser flash photolysis instrumentation at 
Dublin City University
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Figure 6.6.2 Typical traces recorded by the oscilloscope corresponding to (a) the 
decay of a transient species and (b) the grow-m o f a second transient species
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A schematic diagram of the TRIR apparatus in Nottingham University,
England is given in Figure 6 7 1 [2] The excitation source is a Lumonics Hyperex-
440 excim er laser operating on XeCl, 308nm  output wavelength, 8 -12ns pulse
duration, lOOmJ per pulse A flow-through cell is used, a conventional IR solution 
cell (CaF2 windows, l-4m m  PTFE spacers) m odified with short lengths o f stainless-
steel tubing This cell is connected to a vacuum pump and to the solution flow  system  
made o f glass and PTFE with manually operated greaseless taps The solution is 
changed between shots rather than flow ing continuously The design o f the IR cell 
means that the UV laser excitation beam and IR probe beam must necessarily be
almost cohnear The monitoring beam is a CO laser (Edinburgh Instruments PL3)
\
cooled with isopentane and liquid nitrogen, line-tunable in 4cm ‘ l  steps from 2020-
1700 c m 'l A polished uncoated germanium beam-splitter is used to deflect part of
the IR beam onto an IR spectiometer for wavenumber calibration (Perkin-Elmer
283B , single beam mode, accuracy ± 0 5 c m 'l)  A photoconductive HgCdTe detector
(Infrared Associates Inc , HCT-100, area lm m ^, liquid nitrogen cooled) is used
coupled to a home-built pre-amplifier (x68 amplification, nse-tim e < l(is ). The IR
laser beam is attenuated with an iris diaphragm which can be adjusted to compensate 
for solvent absorption Typical I0 values are in the range 2 to 5V The kinetic traces
were recorded using a transient digitiser triggered by the excim er laser pulse The 
data was transferred to a BBC microcomputer and stored on floppy disk, together 
with the wavenumber of the laser line and the I0 value. With data points every 4cm" 1
6.7 TRIR Experimental System
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the resulting spectra have ca 8cm ' * resolution. All o f the traces were recorded 
'single-shot', 1 e with no signal averaging
spectrophotometer
L
0
7 -------- ! / . -------
Chopper
11 
I
CO-laser
Computer Digitiser
pre-amp
*
Ù Sample
Detector
Figure 6.7.1 Schematic diagram of the time-resolved IR apparatus at Nottingham  
University, England
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6.8 Transient deconvolution
A transient decay exhibiting characteristics o f two first order decay processes 
is essentially a linear combination of two exponential decays The general equation 
for a double exponential-fit model is given in equation 6 8 1
Y = A ea x  + BePx (6 8.1)
The transient can be resolved into its individual components by fitting a double
exponential curve function (equation 6 8 2) to the transient profile
Y  = A 1e"k l t + A2e-k2 t (6 8 2)
The and A 2 terms in equation 6 8 2 are constants, lq  and k2 refer to the decay
constants for the two components o f the decay profile, t refers to time and Y to the
value on the resultant decay curve Tins equation is similar to that for a single
exponential decay, equation 6 8 3, the inverse log o f this equation can be used to 
obtain a linear plot o f InY against time (t) to yield a slope o f -k and an intercept of  
InA
Y = A e 'kt (6 8.3)
InY = InA -kt (6 8 4)
6.9 Activation Parameter Determinations
The activation parameters were calculated from the Arrhenius and Eynng  
equations[3] The Arrhenius equation is given by
k0bs = A exp('Ea/RT) (6 9 1)
where A is called the frequency factor and Ea is the activation energy o f the reaction 
in J m o l'l The Arrhenius equation is a good approximate representation o f the
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temperature dépendance o f k, a plot o f In kobs versus 1/T should give a straight line 
o f intercept InA and slope -Ea/R,
lnkobs = InA - Ea/RT (6 9.2)
From transition-state theory expressed in thermodynamic terms the Eynng equation is 
obtained,
k0bs = kT/h exp(‘AOf /RT) (6 9 3)
where k is the Boltzmann constant and h is the Planck constant Since AG* = AH* - 
TAS^ this equation can be written as,
k0bs = kT/h (exp^S ^  exp "AH /RT) (6 9 4)
The quantities AG*, AH* and AS^ are called the Gibbs free energy o f activation, the
enthalpy o f activation and the entropy o f activation It fo llow s from (6 9.4) that;
In kobs/T  = In k/h + AS*/R  + (-AH*/RT) (5 9 5)
The values o f A S* and AH* can be obtained from a plot o f ln(kobs/T) against 1/T, 
which should yield a straight line o f slope -AH*/R and intercept In k/h + AS*/R
6.10  C alculation o f fCO l in C vclohexane and n-P entane
The concentration o f CO in solution was determined by the pressure o f CO 
admitted to the reaction cell after the degassing procedure Throughout this thesis the 
concentration o f CO in cyclohexane solution was taken to be 1 2 x 10"^ mol dm"3 
under 1 0 atmosphere o f CO at 298K [4], although literature brought to light towards 
the end o f the manuscripts preparation revealed a value o f 0 93 x 10"^ mol dm"3 to be 
a more correct value[5] The concentiation o f CO in n-pentane solution under 1 0 
atmosphere o f CO at 298K was calculated from both m ole fraction and Ostwald 
coefficient data[4,6] These sample calculations are given below The results obtained
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using both methods o f calculation are in close agreement It is assumed that the 
solubility o f CO in cyclohexane remains constant over the temperature range used for 
activation parameter determinations, typically 280 to 320K  Although data on the 
variation o f [CO] with temperature are scarce it appears that this assumption is valid  
for cyclohexane[7]
6 10 1 Calculation of the [CO] in n-Pentane From M ole Fraction Data:
Solubility o f CO in pentane at 298K  expressed in m ole fraction = 18 7 x 10-4 moles"! 
1 litre o f pentane = 626g  
1 m ole o f  pentane = 72 15g 
=> 8 68 moles/litre
#  m oles o f CO
------------------- ----------------------------- — = M ole Fraction = 18 7 x 10‘4  m oles'!
#  o f  m oles o f CO + #  o f m oles o f pentane
#  m oles o f CO = x = (18 7 x 10"4)x + (18 7 x 10"4)(8 68)
= (18 7 x 10*4 )x +1 62 x 10-2
=> [x-(18 7 x 10"4)x] = 1 62 x 10-2 
=> x ( l  - 18 7 x 10'4 ) = 1 62 x 10*2 
=> x = 1 63 x 10*2 m oles o f CO/Litre o f pentane at latm s
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22 4 x 298
........................................  = 24 4 = Molar Volum e o f a gas at 298K
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O stwald coefficient for pentane (C5) = 0 395 ml CO /  ml cyclohexane /  atms 
=> 0 395/24 4 = 1 62 x 10'^ m oles o f CO/Litre o f pentane at latm s
6.11 Experimental Errors
Sim ple linear regression analysis was used for all activation parameter plots 
and plots o f rate dépendance on parent or CO concentration Correlation coefficients 
are quoted only for plots consisting o f four or more points The quoted error values 
are from this analysis, reflecting the statistical error in the calculation o f the slope or 
intercept. Intrinsic experimental errors not taken into consideration m this value 
include the ±  0 5K variation in all temperature readings Individual rate constant 
readings are accurate to ± one standard deviation Variations in rate constant values 
may be attributed to alterations in base-line positioning and temperature A 
thermostatted sample holder was introduced after this work was com pleted in order to 
eliminate any variations in reaction rates caused by daily and seasonal temperature 
variations
6 10 2 Calculation of the [CO] in n-Pentane From the Ostwald coefficient:
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A number of experiments may be proposed to provide further information on 
the transient species described in this thesis TRIR studies are the ideal method o f  
study o f these photoreactions Photoproducts exhibiting suitably long lifetim es at 
ambient temperatures may be studied at cryogenic temperatures utilising a variable 
temperature IR cell (VTIR) The effect o f different solvents should be further 
investigated as some reactive intermediates may appear non-solvated in cyclohexane  
but solvated in a different alkane solution
With respect to the photochemistry o f (ri^-arene)Cr(CO)3 com plexes, a TRIR 
study o f the (Ti6-CgM e6)Cr(CO)3 system would be extremely useful in clarifying the 
secondary photochemical products A spectrum o f a (Ti^-benzene)Cr(C0 )2 (H2 0 ) 
com plex, recorded over a restricted v co range, should be repeated over the entire
carbonyl range for completion purposes
There are a number of possible expenm ents that may be conducted on the 
M n(CO)4*ri3-C3H4-C6H5 system A U V /vis difference spectrum o f  the first
observed photoproduct should be recorded for comparison with the literature 
spectrum of Mn(CO)4*r|l-C3H4-C(5H5 Tins would conclusively implicate or
eliminate this species as a primary photoproduct in the photochemical reactions. The 
rate o f reaction of the first species with CO might be measured, although the lifetim e 
o f this species is very short and approaching the lim it o f resolution o f the 
instrumentation Activation parameters might be determined for the decay o f  the 
second species to provide further information on the nature o f the transition states in 
these photochemical reactions
Future Work
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The photoproducts produced on excitation of the hetero-bimetallic com plex  
M n(CO)4-Ti3-C 3H4-T]6-CgH5-Cr(CC))3 may be characterised using TRIR studies
with isotopic labelling It may then be possible to conclusively assign the Cr or Mn 
metal centre as the source o f the photoejected CO Future research projects might 
include the full characterisation of the nature o f the third observed species in this 
system A study o f a Mn(CO)4-T|3-C3H5 complex may prove informative; in this
case the formation o f an acyclic pentadienyl group by means o f an T]3 to
rearrangement is impossible
It would be useful to obtain an IR spectrum o f the decomposition product 
observed in the photochemistry o f (r|5-C5H5)V(CO)4 The absoiption bands could
then be compared to those o f the dinuclear com plex Cn5 -C5H5)2V2 (CO)5
Alternatively, the dinuclear complex (rj5-C5H5)2V2 (CO)5 may be synthesised and
its electronic spectrum recorded for comparison with that o f the decomposition  
product N o absorption spectrum of (ti5 -C5H5)2V 2 (C0)5  could be found in the
literature.
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